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MTKTSVDCTMY ICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVEKQIYK
TPPIKDIGOGFNEFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICA
QRFNGLIVLPPLLUTDEMIAQY TSALLAGTITSGWITFGAGAALGIPFAMOMAYRFNGIGVT
ONVLYENQRLIANQFNSAIGKIQDSLSSTASALGK LODVVNOQNAQALNTLVEQLSENFGA
[SSVINBILSREDKVEAEVQIDRLUITGRLOSLOTYVTQQLIRAARIR ASANLAATKMSECY
LGQSKRVDFCGRGY HLMSFPOSAPHGY VEFLHVTYVPAQEKNFTTAPAICHDGKAHFPRE
GVFVENGTHWEVTQRNFYEPQUTTDNTFVSGNCDVVIGIVNNTVYDPLOPELDSFKEEL
DEKYFEKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLOQELGEYEQYIK WP
WYIWLOFIAGLIAIVMVTIMLCCMTSCCSCLEKGCCSCGSCCKFDEDDSEPVLKGVKIHYT

(57) Abstract: Disclosed herein are coronavirus Spike (S) proteins and nanoparticles comprising the same, which are suitable for use in
vaccines. The nanoparticles present antigens from pathogens surrounded to and associated with a detergent core resulting in enhanced
stability and good immunogenicity. Dosages, formulations, and methods for preparing the vaccines and nanoparticles are also disclosed.
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CORONAVIRUS VACCINE FORMULATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

{6061} This application claims priority to U.S. Provisional Application No. 63/164,487, filed
March 22, 2021; US. Provisional Application No. 63/176,825, filed April 19, 2021, UK.
Provisional Application No. 63/177,059, filed April 20, 2021; U.S. Provisional Application No.
63/195,986 filed June 2, 2021, U.S. Provisional Application No. 63/280,395 filed November 17,
2021; US. Provisional Application No. 63/290.439 filed December 16, 2021; U.S. Provisional
Application No. 63/292,196 filed December 21, 2021; and U.S. Provisional Application No.
63/293 468 filed December 23, 2021. The contenis of each of the aforementioned applications are
mncorporated by reference herein in their entireties. This application also incorporates by reference
herein International Publication No. 2021/0154812 and U8, Patent No. 10,933,089 1n their

entiretios,

DESCRIPTION OF THE TEXT FILE SUBMITTED ELECTRONICALLY

[0662] The contents of the text file submutied electronucally herewith are incorporated heremn
by reference in their entirety: A computer readable format copy of the Sequence Listing (filename:

NOVV_092 01WO Seglast ST25 ixt, date recorded: March 9, 2022; file size: 974 kidobytes).

FIELD

{0003] The present disclosure 15 generally related to non-naturally occurring coronavirus
(CoV) Spike (S} polypeptides and nanoparticles and vaccines comprising the same, which are
pseful for stumulating immuone responses. The nanoparticles provide antigens, for example,
glycoprotein antigens, optionally associated with a detergent core and are typically produced using
recombinant approaches. The nanoparticles have wmproved stability and enhanced epitope
presentation. The disclosure also provides compositions containing the nanoparticles, methods for

producing them, and methods of stimulating immune responses.
BACKGROUND OF THE INVENTION

{0604] Infectious diseases remain a problem throughout the world. While progress has been

made on developing vaccines against some pathogens, many remain a threat to human health. The
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outbreak of sudden acute respiratory syndrome coronavirus 2 {(SARS-CoV-2) has infected more
79 million people in the United States alone, with at least 960,000 deaths. Worldwide, the death
toll has surpassed & million. The SARKS-CoV-2 coronavirus belongs to the same family of viruses
as severe acute respiratory syndrome coronavirus (SARS-CoV) and Middie East respiratory
syndrome coronavirus (MERS-CoV}, which have killed hundreds of people in the past 17 vears.
SARS-CoV-2 causes the disease COVID-19. The World Health Organization classified COVID-
19 as a global pandemic in March 2020, The pandemic 1s still ongoing. Efforts to control it have
been hindered by the emergence of vanants of SARS-CoV-2.
{0005] The development of vaccines that prevent or reduce the severity of life-threatening
mfectious diseases caused by SARS-CoV-2 and varianis thereof s desirable. However, human
vaccine development remains challenging because of the highly sophisticated evasion mechanisms
of pathogens and difficulties stabilizing vaccines. Optuoally, a vaccine must both nduce
antibodies that block or neutralize mfectious agents and remain stable 1n various environments,
including environments that do not enable refrigeration.

SUMMARY OF THE INVENTION
{0006] The present disclosure provides non-naturally occurring CoV 8 polypeptides suitable
for inducing immune responses against SARS-CoV-2 and SARS-CoV-2 variants. The disclosure
also provides nanoparticles containing the glycoproteins as well as methods of stimulating immune
responses.
{0667} The present disclosure also provides CoV S polypeptides suitable for inducing immune
responses against multiple coronaviruses, including SARS-CoV-2 and varants thereof, Middle
East Respiratory Syndrome (MERS), and Severe Acute Respiratory Syndrome {SARS).
{0008] Provided heremn are CoV S polypeptides comprising:

(i} an S1 subunit with an inactivated furin cleavage site, wherein the 81 subunit comprises
an N-termmal domain (NTD), a receptor binding domawmn (RBD), subdomains 1 and 2 (SD1/2),
wherein the inactivated furin cleavage site has an amino acid sequence of QQAQ;

whereimn the NTD optionally comprises one or more modifications selected from

the group consisting of!

[xe]
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{a} deletion of one or more aming acids selected from the group consisting of amino
acid 56, 57, 131, 132, 144, 145, 228,220, 230, 231, 234, 235, 236, 237, 238, 239, 240 and
combinations thereof;

{by msertion of 1, 2, 3, or 4 anuno acids after amino acid 132; and

{c} mutation of one or more amino acids selected from the group consisting of
amino acid 5,6, 7, 13, 39, S1, 53, 54, 56, 37, 62, 63, 67, 82, 125, 129, 131, 132, 133, 139,
143, 144, 145, 177, 200, 201, 202, 209, 229, 233, 240, 245, and combinations thereof,

wherein the RBD optionally comprises mutation of one or more amino acuds

3 ey

471, 477, 481, 488, and combinations thereof;
wherein the SD1/2 domain optionally comprises mutation of one or more ammno
acids selected from the group consisting of 557, 600, 601, 642, 664, 668, and combinations
thereof’ and
(11) an 82 subumt, wherein amino acids 973 and 974 are proline, wherein the 82 subuntt
optionally comprises one or more modifications selected from the group consisting of’
{a} deletion of one or more amno acids from 676-685, 676-702, 702-711, 775-793,
806-815 and combinations thereof,
{b} mutation of one or more amuno acids selected from the group consisting of 688,
703, 846, BTS, 937, 969, 973, 974, 1014, 1058, 1103, and 1163 and combinations thereof’
and
(¢} deletion of one or more amuine actds from the TMCT; wheremn the amino acids
of the CoV S glycoprotein are numbered with respect {0 a polypepiide having the
sequence of SEQ ID NGO 2.
{0609] In embodiments, the coronaviras 8 glycoprotein comprises deletion of anuno acids
676-685. In embodiments, the coronavirus 8§ glycoprotemn comprises deletion of amino acids 702~
711. In embodiments, the coronavirus S glycoprotein comprises deletion of aming acids 806-8135.
In embodiments, the coronavirus S glycoprotem comprises deletion of amino acids 775-793. In
embodiments, the coronavirus 8 glycoprotein comprises deletion of amino acids 1-292 of the NTD.
In embodiments, the coronavirus S glvcoprotein comprises deletion of aming acids 1201-1260 of
the TMCT. In embodiments, the coronavirus S glycoprotern comprises or consists of an amino

acid sequence selected from the group consisting of SEQ 1D NOS: 85-89, 105, 106, and 112-115,
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164-168 or an amino actd sequence with at least 90 %, at least 91 %, at least 92 %, at least 93 %,
at least 94 %, at least 935 %, at least 96 %, at least 97 %, at least 98 %4, at least 99 9%, or 100 %
identity to any one of SEQ I NOS: 85-89, 105, 106, and 112-115, 164-16&. In embodiments, the
coronavirus S glycoprotemn comprises a signal peptide, optionally wherein the signal peptide
comprises an amino acid sequence of SEQ ID NG: 5 or SEQ ID NO: 117, In embodiments, the
coronavirus S glycoprotein comprises a C-terminal fusion protein. In embodiments, the C-terminal
fusion protein ts a hexahistidine tag. In embodiments, the C-terminal fusion protemn is a foldon. In
embodiments, the foldon has an amino acid sequence corresponding to SEQ D NG: 68 In
embodiments, the coronavirus S glycoprotein has a AHcal that is at least 2-fold greater than the
AHcal of the wild-type CoV S glycoprotein (SEQ 1D NO: 2). In embodiments, provided herein is
a corpnavirus S glycoprotein having an S2 subunit, NTD, RBD, and SD1/2 that 15 at least 90 %, at
feast 91 Y%, at least 92 Y%, at least 93 %, at least 94 %4, at least 95 %, at least 96 %%, at least 97 %4, at
ieast 98 %, at least 99 %, or at least 99.5 % wlentical to the corresponding subunit or domaimn of
the CoV 8 glycoprotein having an amino acid sequence of SEQ 1D NO: 2,

{0010] Provided herein 1s an 1solated nucleic acid encoding a CoV S glycoprotein described
herein.

{001 1] Provided herein 15 vector comprising an isolated nucleic acid encoding a CoV 8
glycoprotein described herein,

{0612] Provided herein 15 a nanoparticle comprising a CoV S glycoprotein described herem.
In embodiments, the nanoparticle has a Zavg diameter of between about 20 nm and about 35 nm,
In embodiments, the nanoparticle has a polydispersity mdex from about 0.2 to about 6.45. Provided
herein 1s a cell expressing a CoV S glycoprotemn described herem,

{061 3] Provided herein 13 a vaceine composition comprising a nanoparticle comprising a CoV
S glycoprotemn described heremn. In embodiments, the vaccine composition comprises an adjuvant,
In embodiments, the adjuvant comprises at least two iscom particles, wherein: the first iscom
particle comprises fraction A of Quillaja Saponaria Molina and not fraction C of Quillaja
Saponcric Molina; and the second 1scom particle compnises fraction C of Quillaja Saponaria
Molina and not fraction A of Quillaja Saponaria Molina. In embodiments, fraction A of Quillaja
Saponaric Molma and fraction C of Quiflaja Saponaria Molina account for about 85 % by weight
and about 15 % by weight, respectively, of the sum of weights of fraction A of Quillaja Saponaria

Molina and fraction C of Quillaja Saponaria Molina in the adjuvant. In embodiments, fraction A
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of Quillaja Saponaria Molina and fraction C of Quiflaja Sapenaria Molina account for about 92
% by weight and about 8 % by weight, respectively, of the sum of weights of fraction A of Quillaja
Saponaria Molina and fraction C of Quillaja Saponaria Molina in the adjuvant. In embodiments,
the vaccine composition comprises about 50 pg adjuvant.

{0014} Provided herein 1s a method of stimulating an immune response against SARS-CoV-2
m a subject comprising adnunistering a vaccine composition described herein. In embodiments,
the subject 15 administered a first dose at day 0 and a boost dose at day 21, In embodiments, the
subject 15 administered from about 3 ug to about 25 ug of coronavirus S glycoprotein. In
emabodiments, the subject 15 administered about 5 pg of coronavirus S glycoprotein. In
embodiments, the vaccine composition 1s adnunistered intramuscularly. In embodiments, a single
dose of the vaccine composition is administered. In embodiments, multiple doses of the vaccine
composition are admmnistered. In embodiments, the vaccine composition 1s coadnunistered with
an mfluenza glycoproten.

[B015] Provided herein 1s an immunogenic composition comprising: (1) a nanoaparticle
comprising a CoV S glvcoprotein described herein, and a non-ionue detergent core; (1) a
pharmaceutically acceptable buoffer; and () a saporun adpuvant In emboduuents, the
fumunogenic composition comprises from about 3 pg to about 25 ug of CoV § glycoprotein. In
embodiments, the immunogenic composition comprises about 5 pg of CoV S glycoprotein. In
erobodiments, the saponin adjuvant comprises at least two iscom particles, wherein: the first iscom
particle comprises fraction A of Quillaja Saponaria Molina and not fraction € of Quillaja
Saponcric Molina; and the second 1scom particle compnises fraction O of Quillaja Saponaria
Molma and not fraction A of Quillaja Saponaria Molina. In embodiments, fraction A of Quiliaja
Saponcric Mohina accounts for 50-96% by weight and fraction C of Quillaja Saponaric Molina
accounts for the remainder, respectively, of the sum of the weights of fraction A of Quillaja
Saponaric Molina and fraction C of Quillaja Saponaria Molina n the adjuvant. In embodiments,
fraction A of Quillagja Saponaria Molina and fraction C of Quillaja Saponaria Molina account
for about 85 % by weight and about 15 % by weight, respectively, of the sum of the weights of
fraction A of Quillaja Sapenaria Molina and fraction C of Quillaja Saponaric Molina in the
adjuvant. In embodiments, the immunogenic composition comprises about 530 uyg of saponin

adjuvant. In embodiments, the non-ionic detergent is selected from the group consisting of
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polysorbate-20 (PSZ0), polysorbate-4C (PS40), polysorbate-60 (PS60), polysorbate-65 {PS65),
and polysorbate-80 (PSE0).

{0016} In embodiments, provided herein 1s 3 method of stimulating an immune response
against SARS-CoV-2 or a heterogeneous SARK-CoV-2 strain i a subject comprising
administering the mmunogenic composiion or vaccing composition provided herein. In
embodiments, the method comprises administering from about 3 ug to about 25 pg of CoV S
glycoprotein. In embodiments, the method comprises admuinistering about S ug of CoV 8§
elycoprotein. In embodiments, the saponin adjuvant comprises at least two iscom particles,
wherein: the first iscom particle comprises fraction A of Quillaja Saponaria Molina and not
fraction C of Quillaja Saponaria Molina; and the second iscom particle comprises fraction C of
Quillaja Saponaria Molina and not fraction A of Quillaja Saponaria Mohina. In embodiments,
fraction A of Quillaja Saponaria Mohna accounts for 50-96% by weight and fraction C of Quillaja
Saponaria Molina accounts for the remander, respectively, of the sum of the weights of fraction
A of Quillaja Saponaria Molina and fraction C of Quillaja Saponaria Molina in the adjuvant. In
erobodiments, fraction A of Quiliaja Saponaric Molina and fraction C of Quillaja Saponaria
Molina account tor about 85 % by weight and about 15 % by weight, respectively, of the sum of
the weights of fraction A of Quillaja Saponaric Molina and fraction C of (hillaja Saponaria. In
embodiments, the method comprises adnumistering about 50 pg of the sapomn adjuvant In
erobodiments, the non-ionic detergent is selected from the group consisting of polysorbate-20
(PS20}, polysorbate~-40 (PS40}, polysorbate-60 (PS60), polysorbate-65 (PR63), and polysorbate-
&0 {(PSR0}. In embodiments, the subject 1s adiunistered a first dose at day 0 and a boost dose at
day 21. In embodiments, a single dose of the immunogenic composition 15 admmnistered. In
embodiments, the method comprises administering 2 second immunogenic composition. In
embodiments, the second rmmunogenic composition comprises an mRNA encoding a SARS-Cov-
2 Spike glycoprotein, a plasmud DNA encoding a SARS-Cov-2 Spike glycoprotem, a viral vector
encoding a SARS-Cov-2 Spike glycoprotemn, or an inactivated SARS-CoV-2 virus. In
embodiments, the heterogenous SARS-CoV-2 strain 15 selected from the group consisting of a
B.1.1.7 SARS-CoV-2 sirain, B 1351 SARS-CoV-2 strain, P.1 SARS-CoV-2 strain, B.1.6172
SARK-CoV-2strain, B 1 325 SARS-CoV-2 strain, B.1. 526 SARS-CoV-Z strain, B.1.617 1 SARS-
CoV-2 strain, 3 €37 SARS-CoV-2 strain, B.1.621 SARS-CoV-2 strain, and a Cal 200 SARS-

CoV-2 strain. In embodiments, the efficacy of the immunogenic composition for preventing
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coronavirus disease-19 (COVID-19) 15 at least about 50 %, at least about 55 %, at least about 60
%, at least about 65 %%, at least about 70 %, at least about 75 %4, at least about 80 %, at least about
85 %4, about least about 90 %, at least about 91 %, at least about 92 %%, at least about 93 %%, at least
about 94 %, at least about 95 %, at least about 96 %, at least about 97 %, at least aboui 98 %, at
least about 99 %, or about 100 % for up to about 2 months, up to about 2.5 months, up to about 3
months, up to about 3.5 months, up to about 4 months, up to about 4.5 months, up to about 5
months, up to about 5.5 months, up to about 6 months, up to about 6.5 months, up to about 7
months, up to about 7.5 months, up to about 8 months, up to about 8.5 months, up to about ©
months, up to about 2.5 months, up to about 10 months, up to about 10.5 months, up to about 11
months, up to about 11.5 months, or up to about 12 months after adminstration of the
immunogenic composition. In embodiments, the efficacy of the immunogenic composition for
preventing coronavirus disease-19 (COVID-19) s from about 50 % to about 99 %, from about 50
%% to about 95 %, from about 50 % to about 90 %, from about 50 % to about 83 %, from about 30
% to about 80 Y%, from about 60 % to about 99 %, from about 60 % to about 95 %%, from about 60
%% to about 90 %, from about 60 % to about 85 %, from about 60 % to about 80 %, from about 40
%% to about 99 %, from about 40 %4 to about 95 %2, from about 40 % o about 90 %, {rom about 40
%% to about 85 %, from about 40 % to about 80 %, from about 40 % to about 75 %, from about 40
% to about 70 %, from about 4G %% to about 65 9%, from about 40 % to about 55 %, or from about
40 % to about 50 % for up to about 2 months, up to about 2.5 months, up to about 3 months, up to
about 3.5 months, up to about 4 months, up to about 4.5 months, up to abowt 5 months, up to about
3.5 months, up to about 6 months, up to about 6.5 months, ap to about 7 months, up to about 7.5
months, up to about 8 months, up to about 8.5 months, up to about 9 months, up to about 9.5
months, up to about 10 months, up to about 10.5 months, up to about 11 months, up to about 11.5
months, or up to about 12 months after admumstration of the immunogenic composition. In
ermbodiments, the COVID-19 15 mild COVID-19. In embodiments, the COVID-19 is moderate
COVIDR-19. In embodiments, the COVID-19 15 severe COVID-19. In embodiments, provided
herein is a method of inducing a protective immune response against a heterogenous SARS-CoV-
2 strain, comprising administering to a subject a nanoparticle comprising a coronavirus S (CoV S)
elycoprotein having the amino acid sequence of SEQ ID NO: 87, and a non-ionic detergent core,
a pharmaceutically acceptable buffer, and {11} a saponin adjuvant, wherein the heterogenous

SARS-CoV-2 strain has a SARS-CoV-2 § glveoprotein having from about 1 to about 60

~3
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modifications compared to a SARS-CoV-2 glycoprotein of SEQ ID NG 1. In embodiments, the
heterogeneous SARS-CoV-2 strain has a SARS-CoV-2 S glvcoprotein having from about 1 to
about 20 modifications, from about 1 to about 10 modifications, from about 10 to about 20
modifications, from 10 to about 30 modifications, from about 10 to about 40 modifications, from
10 io about 50 modifications, from 10 to about 60 modifications, from 20 to about 60
modifications, from 20 to about 50 modifications, from about 20 to about 40 modifications, from
about 5 to about 15 modifications, or from about S to about 10 modifications compared to a SARS-
CoV-2 glycoprotein of SEQ ID NO: 1

BRIEF DESCRIPTION OF THE DRAWINGS
10017} The patent or application file contains at least one drawing executed in color. Copigs
of this patent or patent application publication with color drawing(s} will be provided by the Office
upon request and payment of the necessary fee.
{0018] Fig, 1 shows a schematic of the wild-type amino acid sequence of the SARS-CoV-2
Spike {8} protein (SEQ ID NO: 1), The furin cleavage site RRAR (SEQ ID NG: 6} 1s highlighted
m bold, and the signal peptide is underlined.
{0019} Fig. 2 shows the primary structure of a SARS-CoV-2 S polypeptide, which has an
mactive furin cleavage site, a fusion peptide deletion, and K986P and V987P mutations. The
domain positions are numbered with respect to the anmino acid sequence of the wild-type CoV 8
polypeptide from SARS-CoV-2 containing a signal peptide (SEQ ID NG: 1),
{0020] Fig. 3 shows the primary structure of the BV2378 CoV S polypeptide, which has an
mmactive furin cleavage site, a fusion peptide deletion of ammno acids 819-828, and K986P and
VO37P mutations. The domain posttions are numbered with respect to the ammno acid sequence of
the wild-type CoV § polypeptide from SARS-CoV-2 containing a signal peptide (SEQ D NG: 1),
[0021] Fig. 4 shows purification of the CoV S polypeptides BV2364, BV2365, BV2366,
BV2367, BV2368, BY236%, BV2373, BV2374, and BV2375. The data reveal that BV236S (SEQ
ID NO: 4) and BV2373 (REQ 1D NO: 87) which has an mactive funn cleavage site having an
amino acid sequence of QQAQ (8EQ ID NG 7) 15 expressed as a single chain (S0}, In contrast,
CoV S polypeptides contamning an ntact funin cleavage site {e.g. BV2364, BV2366, and BV2374)

are cleaved, as evident by the presence of the cleavage product 82,
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{0022} Fig. S shows that the CoV § polypeptides BVZ361, BV2365, BV2369, BY2365,
BV2373, and BY2374 bind to human angiotensin-converting enzyme 2 precursor (hACE2) by bio-
layer interferometry.

{062 3] Fig, 6 shows that BV2361 from SARS-{CoV-2 does not bind the MERS-CoV receptor,
dipeptidvl peptidase IV {DPP4) and the MERS § protein does not bind to human angiotensin-
converting enzyme 2 precursor (hACEZ) by bio-layer interferometry.

{0024} Fig. 7 shows that BYV2361 binds to hACE2 by enzyme-linked immunosorbent assay
(ELISA)

[0025] Fig. 8 shows the primary structure of the BV2373 CoV S polypeptide and
modifications to the furin cleavage site, K986P, and VIRTP.

{0026} Fig. @ shows purification of the wild type CoV § polypeptide and the CoV S
polypeptides BV236S and BV2373,

{8027} Fig. 18 shows a cryo~-electron microscopy {cryoEM) structure of the BV2373 CoV 8
polypeptide overlaid on the cryoEM structure of the SARS-CoV-2 spike protein (EMB ID: 21374).
{0028] Figs. 11A~F show that the CoV S Spike polypeptides BYV2365 and BV2373 bind to
HACEZ. Bio-layer interferoretry reveals that BYV2365 (Fig. 11B) and BV2373 (Fig. 11() bind
to hACE2 with simatlar dissociation kinetics to the wild-type CoV S polypeptide (Fig, 1HHA) ELISA
shows that the wild-type CoV § polypeptide (Fig. 11B) and BYV236S5 (Fig. 11E) bind to hACE2
with simiar atfinuity while BV2373 bhinds to hACE2 at a tugher affinuity (Fig. 11F).

{0629] Figs. 12A-B show the effect of stress conditions, such as temperature, two freeze/thaw
cycles, oxidation, agitation, and pH extremes on bindimg of the CoV S polvpeptides BY2373 {Fig.
124) and BV2365 (Fig. 12B) to hACE2.

{8030 Figs. 13A-B show anti-CoV 8 polypeptide Ig( titers 13 days, 21 days, and 28 days
after immunization of mice with two doses (Fig, 13A)and one dose of 0.1 pgto 10 ug of BV2373
with or without Fraction A and Fraction C iscom matrix (i.e, MATRIX-M™) (Fig. 13B).

{0031} Fig. 14 shows the induction of antibodies that block interaction of hACEZ in mice
mmmunized with one dose or two doses of 0.1 ug to 10 pg of BVZ2373 with or without MATRIX-
AT

{0632} Fig, 158 shows virus neutralizing antibodies detected in mice immunized with one dose

or two doses of 0.1 pg to 10 pg of BV2373 with or without MATRIX-M™,
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{0033} Fig. 16 shows the virus load (SARK-CoV-2} i the lungs of A//CMV/AMACE2 mice
mmmunized with either a single dose of BY2373 or two doses of BV2373 spaced 14 days apart
with or without MATRIX-M™.

{6034} Figs. 17A-C shows weight loss exhibited by mice after immunization with BV2373.
Fig. 17A shows the effect of immunization on weight loss with a single .01 ug, 0.1 pg, 1 pg, or
10 ng of BY2373 plus MATRIX-M™. Fig. 17B shows the effect of immunization on weight loss
with two doses of BY2373 (0.01 pg, 0.1 ug, 1 ug) plus MATRIX-M™. Fig. 17C shows the effect
of immunization on weight loss with two doses of BV2373 (10 ug) in the presence or absence of
MATRIX-M™,

{0035] Figs. 18A-B shows the effect of BV2373 on lung hustopathology of mice four days
{(Fig. 18A) or seven days (Fig. 188) after infection with SARS-CoV-2,

{8036} Fig. 19 shows the number of IFN-y secreting cells after ex vivo stimulation in the
spleens of mice immunized with BV2373 in the absence of adjuvant compared to mice immunized
with BV2373 in the presence of MATRIX-M™,

{0037] Figs. 286A-F shows the frequency of cyiokine secreting CDM4+ T cells in the spleens of
mice irnmunized with BV2373 in the presence or absence of MATRIX-M™. Fig. 204 shows the
frequency of TFN-y secreting CD4+ T cells. Fig. 20B shows the frequency of TNF-u secreting
CD4+ T cells. Fig. 20C shows the frequency of 1L-2 secreting CD4+ T cells. Fig, 200 shows the
frequency of CD4+ T cells that secrete two cytokines selected from IFN-y, TNF-g, and IL-2. Fig,
20F shows the frequency of D4+ T cells that express IFN-y, TNF-q, and 1L.-2.

{6038} Figs. 21A-K shows the {requency of cytokine secreting CD&™ T cells in the spleens of

b
ll

mice immunized with BY2373 in the presence or absence of MATREX-M™. Fig, 21A shows the
frequency of IFN-y secreting CDR" T cells. Fig, 218 shows the frequency of TNF-a secreting
CDR" T cells. Fig. 21C shows the frequency of 1L-2 secreting CD8™ T cells. Fig, 20D shows the
frequency of CD8™ T cells that secrete two cytokines selected from IFN~y, TNF-g, and 1L-2. Fig.
21K shows the frequency of CUDS™ T cells that express IFN=y, TNF-a, and [L-2.

{603%]  Fig. 22 illustrates the frequency of CD4™ or CDE" cells that express one {(single), two
{double), or three {(triple) cytokines selected from IFN-y, TNF-g, and IL-2 in the spleens of mice
immunized with BY2373 in the presence or absence of MATRIN-M™

{0040} Figs, 23A-C iilustrate the effect of immunization with BV2373 in the presence or

absence of MATRIX-M™ on type 2 cytokine secretion from CD4™ T cells. Fig. 23A shows the

10
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frequency of IL-4 secreting cells. Fig. 23B shows the frequency of IL-5 (D47 secreting cells. Fig,
23C shows the ratio of IFN-y secreting to 1L-4 secreting CD4" T cells.

{0041} Figs. 24A-8 illustrate the effect of mouse immunization with BVZ373 in the presence
or absence of MATRIX-M"™ on germinal center formation by assessing the presence of CD4™ T
follicular helper cells (TFH). Fig. 24A shows the frequency of CD4™ T follicular helper cells in
spleens, and Fig. 24B shows the phenotype (e.g. CD4™ CXCRS" PD-17) of the CD4™ T follicular
helper cells.

{0042] Figs. 25A-B illustrate the effect of mouse immunization with BY2373 in the presence
or absence of MATRIX-M™ on germinal center formation by assessing the presence of germinal
center (GC) B cells. Fig. 25A shows the frequency of GC B cells in spleens, and Fig. 258 reveals
the phenotype {e.g. CD19" GL7" CD-95) of the CD4" T follicular helper cells.

{0643] Figs. 26 A~C show the effect of immumization with BV2373 in the presence or absence
of MATRIX-M™ on antibody response n olive baboons, Fig. 26A shows the anti-SARS-CoV-2
S polypeptide TgG titer in baboons after immunuzation with BV2373. Fig, 26B shows the presence
of hACE2 receptor blocking antibodies 1n baboons following a single immuruzation with 5 pg or
25 pg of BV2373 in the presence of MATRIX-M™ Fig. 26C shows the titer of virus neutralizing
antibodies following a single immunization with BV2373 and MATRIX-M™

[0644] Fig, 27 shows the significant correlation between anti-SARS-CoV-2 8 polypeptide IgG
and neutralizing antibody tiers i ohive baboons after immunization with BV2373.

{0045] Fig. 28 shows the frequency of IFN~y secreting cells in peripheral blood mononuclear
cells (PBMC) of olive baboons immunized with BY2373 in the presence or absence of MATRIX-
MM

{0046] Figs. 29A-E shows the frequency of cytokine secreting CD4+ T cells in the PBMC of
olive baboons immunized with BV2373 in the presence or absence of MATRIX-M™. Fig. 29A
shows the frequency of IFN-~y secreting D4+ T cells. Fig, 28B shows the frequency of 1L.-2
secreting CD4+ T cells. Fig. 29C shows the frequency of TNF-a secreting CD4+ T cells. Fig, 29D
shows the frequency of CD4+ T cells that secrete two cytokines selected from [FN-y, TNF-g, and
IL-2. Fig, 29E shows the frequency of CD4+ T cells that express IFN-y, TNF-q, and [L-2.

{0047} Fig, 30 shows a schematic of the coronavirus Spike {S) protein {SEQ D NO: 109}
(BV2384). The furin cleavage site GSAS {SEQ ID NO: 97) 15 underlined once, and the K986P and

VOR7P mutations are underlined twice.
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{0048] Fig. 31 shows a schematic of the coronavirus Spike (8) protein (SEQ ID NG 86)
{BV2373). The furin cleavage site QQAQ (SEQ ID NO: 7) 1s underlined once, and the K986 and
VO87P mutations are underiined twice.

{6049} Fig, 32 shows purification of the CoV § polypeptides BYV2373 (SEQ ID NO: 87) and
BY2384 (SEQ ID NO: 109},

[B056] Fig, 33 shows a scanning densitometry plot of BV2384 (SEG ID NO: 109) purity after
purification.

{0051 Fig, 34 shows a scanning densitometry plot of BY2373 (SEQ ID NO: 87) purity after
purification

{0052] Figs. 35A-B dlustrates induction of anti-S antibodies (Fig, 385A) and neutralizing
antibodies (Fig. 35B) in response to administration of BY2373 and MATRIGCM™. Cynomolgus
macaques were admunistered one or two doses {Day O and Day 21) of 2.5 pg, 5 pg, or 25 pug of
BV2373 with 25 ug or 50 ug MATRIX-M™ adjuvant. Controls received neither BV2373 or
MATRIX-M™ Antibodies were measured at Days 21 and 33.

{0053] Figs., 36A-B ilustrates a decrease of SARS-CoV-2 viral replication by vaccine
formulations disclosed herein as assessed mm broncheoalveol lavage (BAL} in Cynomolgus
macaques. Cynomolgus macaques were administered BV2373 and MATRIX-M™ as shown,
Subjects were immunized Day O and wn the groups with two doses Day 0 and Day 21, Subject
animals were challenged Day 37 with 1x10% pfu SARS-CoV-2 virus. Viral RNA (Fig. 36A,
corresponding to total RNA present} and viral sub-genomic RNA (Fig. 368, corresponding to
replicating virus} levels were assessed in bronchiolar lavage (BAL) at 2 days and 4 days post-
challenge with infectious virus {d2p and ddpi). Most subjects showed no viral RNA. At Day 2
small amounts of RNA were measured in some subjects. By Day 4, no RNA was measured except
for two subjects at the lowest dose of 2.5 ug. Sub-genomic RNA was not detected at either 2 Days
or 4 days except for 1 subject, again at the lowest dose.

{0054] Figs. 37A-B illustrates a decrease of SARS-CoV-2 viral replication by vaccine
formulations disclosed herein as assessed in nasal swab in Cynomolgus macaques. Cynomolgus
macaques were administered BV2373 with MATRDCM™ as shown. Subjects were immunized
Day 0 and 1n the groups with two doses Day 0 and Day 21, Subject animals were challenged Day
37 with 1x10* SARS-CoV-2 virus. Viral RNA (Fig. 37A) and viral sub-genomic {5g} RNA (Fig.

378) were assessed by nasal swab at 2 days and 4 days post-infection {d2Zp1 and ddpt). Most
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subjects showed no viral RNA. At Day 2 and Day 4 small amounts of RNA were measured in
some subjects. Sub-genomic RNA was not detected at either 2 Bays or 4 days. Subjecis were
immunized Day ¢ and in the groups with two doses BDay 0 and Day 21. These data show that the
vaccine decreases nose total virus RNA by 100 - 1000 fold and sgRNA to undetectable levels, and
confirm that immune response to the vaccine will block viral replication and prevent viral spread.
{0055] Figs. 38A-B show anti-CoV 8 polypeptide oG titers 21 days and 35 days after
immunization of Cynomolgus macaques with one dose (Fig. 38A) or two doses of BYV2373 and
25 pg or 50 pg of MATRIX-M™ (Fig, 388).

{0056} Figs, 38C-38D shows the hACEZ inhibition titer of Cynomolgus macaques 21 days
and 35 days after immunization of Cynomolgus macaques with one dose (Fig. 38C) or two doses
of BV2373 (5 pg) and MATRIX-M™(25 ug or 50 ug) (Fig. 38D).

{0657} Fig. 38F shows the significant correlation between anti- CoV S polypeptide TgG titer
and hACE2 inhibition titer i Cynomolgus macaques after admuustration of BV2373 and
MATRIX-M™. Data 15 shown for Groups 2-6 of Table 4.

[005§] Fig. 39 shows the anti-CoV 8 polypeptide titers and hACE2 whubition titer of
Cynoroolgus macaques 35 days after immunization with two doses of BV2373 and MATRIX-M™
or after immunization with convalescent human serum {(Groups 2, 4, and 6} of Table 4. These data
show that the anti-CoV 5 polypeptide and hACE2 nhibition tuters of Cynomologus macaques
wrnmunized with BV2373 and MATRIX-M™ is superior to Cynomolgus macaques immunized
with convalescent serum.

6039} Figs., 40A-B shows the SARS-CoV-2 neuiralizing titers of Cynomolgus macaques
immunized with BV2373 and MATRIX-M™ as determined by cytopathic effect (CPE) (Fig. 404)
and plaque reduction neutralization test (PRNT) (Fig, 408).

{0060} Fig. 41 shows admimistration timings of a clinical trial that evaluated the safety and
efficacy of a vaceine comprising BV2373 and optionally MATRIX-M™ AESI denotes an adverse
event of special mterest. MAEE denotes a medically attended adverse event, and SAFE denotes a
serious adverse event.

{0061} Figs. 42A-B show the local (Fig. 424) and systemic adverse events {Fig, 428)
experienced by patients in a clinical trial which evaluated a vaccing comprising BY2373 and
MATRIX-M™. Groups A-F are identified in Table 5. The data shows that the vaccine was well

tolerated and safe.
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{0062} Figs. 43A-8 show the anti-CoV S polypeptide Ig(G (Fig. 43A) and neutralization titers
{Fig. 43B) 21 days and 35 days after immunization of participants in a clinical tnial which
evaluated a vaccine comprising BV2373 and MATRIX-M™. Horizontal bars represent
mterquartile range (IR() and median area under the curve, respectively. Whisker endpoints are
equal to the maximum and minimum values below or above the median = 1.5 times the IQR. The
convalescent serum panel includes specimens from PCR-confirmed COVID-19 participants from
Bavlor College of Medicine {29 specimens for ELISA and 32 specimens for microneutralization
{MN ICs00). Severity of COVID-19 is denoted as a red mark for hospitalized patients {including
intensive care setting}, a blue mark for outpatient-treated patients (sample collected in emergency
department}, and a green mark for asymptomatic {exposed} patients {sample collected from
comtact/exposure assessment).

[0663] Figs. 44A-C shows the correlation between anti- CoV 8 polypeptide IgG and
neutralizing antibody titers in patients administered convalescent sera (Fig. 44A), two 25 ug doses
of BV2373 (Fig, 44B), and two doses (5 pg and 25 pg) of BV2373 with MATRIX-M™ (Fig,
44C). A strong correlation was observed between neutralizing antibody titers and anti-CoV-8 1gG
titers 1n patients treated with convalescent sera or with adjuvanted BV2373, but not i patients
treated with BV2373 1o the absence of adjuvant.

[0064] Figs. 45A-1 show the frequencies of antigen-specific CD47 T cells producing T helper
1 {Th1} cytokines mterferon-gamma (FFN-v), turoor necrosis factor-alpha ( TNF-a), and interleukin
(1L)-2 and T helper 2 {Th2} cytokines 1L-5 and IL-13 indicated cytokines from participants n
Groups A (placebo, Fig. 45A), B (25 pg BV2373, Fig. 458), C (5 ug BV2373 and S0 pg
MATRIX-M™ Fig, 45C), and D (25 pg BV2373 and 50 pg MATRIX-M™, Fig, 45D following
stimulation with BV2373. “Any 27 in Thi cytokine panel means CD4" T cells that can produce
two types of Thi cytokings at the same time. “All 37 indicates CD4™ T cells that produce TFN-y,
TNF-q, and H.-2 stmuitaneously. “Both” in Th2 panel means CD4" T cells that can produce Th2
cytokines HL-5 and IL-13 at the same time.

{0065] Fig, 46A shows the primary structure of a wild-type SARS-CoV-2 § polypeptide,
containing a signal peptide, numbered with respect to SEQ 1D NO: 1. Fig. 468 shows the primary
structure of a wild-type SARS-CoV-2 8 polypeptide, without a signal peptide, numbered with

respect to SEQ ID NG: 2.
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{0066} Fig. 47 shows the randomization of subjects in a Phase 3 clinical trial that evaluated
the efficacy, immunogenicity, and safety of BV2373 in combination with Fraction A and Fraction
C iscom matrix (MATRIX-M"™) adjuvant.

{0667} Fig. 48 15 a Kaplan-Meyer plot showing the incidence of symptomatic COVID-19
(Cumulative Event Rate (%) experienced by subjects after vaccination with BV2373 m
combination with Fraction A and Fraction C iscom matrix (MATRIC-M™) or placebo.

{0068} Fig. 49 shows vaccine efficacy of BY2373 in combination with Fraction A and Fraction
C iscom matrix (MATRIX-M™) against SARS-CoV-2 comprising a CoV § polypeptide having
the amino acid sequence of SEQ 1D NO: 1 or the heterogeneous B.1.1.7 SARS-CoV-2 strain which
comprises a CoV S polypeptide having deletions of amino acids 69, 70, and 144 and mutations of
NSOLY, AS70D, D614G, P6SIH, T716], S982A, and D11ISH.

[0069] Fig. 80 15 a graph showing adverse events experienced by subjects after a first
vaccination dose (labeled “Vaccination 17) and a second vaccination dose {labeled “Vaccmation
27} with BV2373 in combination with Fraction A and Fraction C iscom matrix (MATRIX-M™)
{labeled “A”) or placebo (labeled “B7),

{0076] Fig. 51 shows a diagram of the BV2438 CoV S polypeptide. Structural elements
mclude the cleavable signal peptide (8P), N-ternmunal domain (NTD), receptor binding doman
(RBD), subdomains | and 2 (8D and SD2), 82 cleavage site {S2'), fusion peptide (FP), heptad
repeat 1 (HR1}, central helix (CH), heptad repeat 2 (HR2), transmembrane domamn (TM), and
cytoplasmic tad (T Amuno acid changes from the CoV S polypeptide having an amino acid
sequence of SEQ 1D NO: 1 are shown in black text underneath the linear diagram.

{0671} Fig. S2A shows a reduced SDS-PAGE gel with Coomassie blue staimng of punified
full-fength BY2438 showing the maim protein product at the expected molecular weight of ~170
kD Fig. 52B shows a graph of the scanning densttometry. ¥Fig. 52C shows negative stain
transmission electron mucrographs of BYV2438 BV2438 forms 3 well-defined lightbulb-shaped
particte with a length of 15 nm and a width of 11 nm (left panel). Trimers exhibited an 8nm flexible
hnker connected to PS-80 micelles {left panel). Class average images showed a good it of the 8-
B.1.351 trimer with a crvo-EM solved structure of the prefusion SARS-CoV-2 trimeric spike
protein ectodomain (PDB D 6VXX) overlaid on the 2D image {middle panel). The right panel

shows two BV 2438 trimers anchored inio a PS-80 micelie.
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16072} Fig. 83 shows the mouse study design of Example 10, Groups of mice {n = 20/group)
were immunized in a prime/boost regimen on study days 0 and 14 with various combinations of
recombinant 8 {18} BVZ438 {SA} or BVZ373 (WU) protein. Mice were either primed and boosted
with BV2438, primed and boosted with BV2373, primed with BV2373 and boosted with BV2438,
or primed and boosted with bivalent BV2373+BV2438. Antigen doses were 1 pg rS for each
monovalent immunization, or 1 pg 18 for each construct upon bivalent immunization (2 pg rS
total). All antigen doses were administered with S pg saponim adjuvant. A control group received
formulation buffer (Placebo). Sera and tissues were collected at the timepoints listed in the
diagram.

{067 3] Figs. S4A-B shows Anti-SARS-CoV-2 8§ Tg(G serum titers in sera collected on Day 21
of the mouse study of Example 10 ELISA was used to measure antibody titers against the Wuhan-
Hu-1 spike protemn (Fig, 54A) or B.1.351 spike protein (Fig. 54B). Bars indicate the geometric
mean titer (GMT) and ervor bars represent 95% confidence miterval (CI} for each group. Individual
animal titers are indicated with colored symbols. Figs. S4C-D show functional antibody titers (as
measured by ELISA) in sera collected on Day 21 capable of disrupting binding between the SARS-
CoV-2 receptor hACE2 and Wuhan-Hu-1 spike protemn (Fig. 54C) or B.1.351 spike protemn (Fig.
34D). Bars indicate the georetric mean titer (GMT) and error bars represent 95% confidence
interval {CT) for each group. Individual amimal titers are mdicated with colored symbols. Fig, S4E
shows SARS-CoV-2 neutralizing antibody titers in sera collected on Day 32 from n = 3
anmmals/group were determined using a PRNT assay. Sera were evaluated for their ability to
neptralize SARS-CoV-2 USA-WAL, B.1351 vartant, or B.1.1.7 varnant. Bars indicate the
geometric mean titer (GMT) and error bars represent 95% confidence interval (CI) for each group.
Individual animal titers are indicated with symbols. Statistical significance was calculated by
performing ong~-way ANOVA with Tukey’s post hoc test on fogio-transformed data.

{0674] Figs. 35A-F show the protective efficacy of immumzation with SARS-CoV-2 ¢8 hased
on Wuhan-Hu-1 or B.1.351 against challenge with live SARS-CoV-2 B 1.351 or B.1.1.7 virus.
The study design was described in Fig. 33, Immunized mice {n = 10/group) were challenged with
live SARS-CoV-2 B.1.351 (left panels) or B.1.1.7 {right panels). For four days after challenge,
mice were weighed daily and their percentage weight loss was calculated relative to their body
weight on challenge day Fig, 554 and Fig. 5B show the mean percentage body weight loss with

symbols. Error bars represent standard error of the mean. Half of the mice were sacrificed at 2
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davs post-challenge and lung tissue was subjected to a plague formation assay to determine lung
viral titers (Fig. 58C, Fig. 55D). The remaining mice were sacrificed at 4 days post-challenge. ¥ig.
S5E and Fig. S5¥F show levels of SARS-CoV-2 subgenomic RNA in lung tissue and expressed as
fold-change iy RNA relative to the mean in the respective Placebo group on Day 2 post-challenge.
Horizontal bars represent group mean fold-change from n = S mice at each timepoint and error
bars represent standard deviation

{8075} Figs. 36A-H show cell-mediated immunity induced upon immunization with BYV2373
or BV2438 regimens in mice. ¥Fig. 56A shows the mouse study design. Groups of mice {n =
8/eroup) were immunized in a prime/boost regimen on Days O and 21 with various combinations
of SARS-CoV-2 18 based on BY2373 or BYV2438. Mice were either primed and boosted with
BV2438, primed and boosted with BV2373, primed with BV2373 and boosted with BV2438, or
primed and hoosted with bivalent BV2373 and BV2438. Antigen doses were 1 pg S for each
monovalent immunization, or 1 ug 1S for each construct upon bivalent immunization {2 pg S
total} All immunizations were administered with § pg Matrix-M1 adjuvant. A control group
received formulation buffer (Placebo, n = 3). Spleens were harvested on Day 28 for cell collection.
Splenocytes were stunulated with BV2373 or BV2438, then subjected to ELIS A to determune IFN-
v-positive cells as a representative Thl cytokine (Fig, 56B) and IL-5-positive cells as a
representative Th2 cytokine (Fig. 56C). Data from Fig, 56B and Fig, 36C were used to calculate
the Th1/Th2 balance of responses to immunization (Fig. 56B). Fig. 86K shows the numbers of
multifunctional CD4+ T cells that stained positively for three Thi cytokines (IFN-y, IL.-2, and
TNF-0} using intracelhidar cytokine staining were quantified and expressed as the number of triple
cytokine postiive cells per 10° CD4+ T cells. Fig. 56F shows quantification of T follicular helper
cells. T follicular helper cells were quantified by determining the percentage of PD-1+CXCRS+
cells among all CD4+ T cells. Fig, 86 shows germinal center formation Germunal center
formation was evaluated by determining the percentage of GL7+CDO5+ cells among CD19+ B
celis using flow cytometry. Gray bars represent means and error bars represent standard deviation.
Individual animal data are shown with colored symbols. An example of the gating strategy is
shown in Fig. S6H. Dhifferences among experimental groups were evaluated by one-way ANOVA
with Tukey’s post-hoe test {data in Fig, 568 were logo-transformed before analysis}). P values <

0.05 were considered statistically sigmficant; **%** = p < 0.0001.
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{8076} Figs, 87A-E show the CD4+ and CDE8+ T cell response from immunization with
BV2373 or BVZ438. Groups of mice {n = B/group} were immunized in a prime/boost regimen on
Days 0 and 21 with various combinations of BY2373 or BV2438. Mice were either primed and
boosted with BV2438, primed and boosted with BY2373, primed with BY2373 and boosted with
BY2438&, or primed and boosted with bivalent BV2373 and BY2438. Antigen doses were § pg S
for each monovalent immunization, or 1 pg 18 for each construct upon bivalent romunization (2
ug S total). All antigen doses were administered with 5 ug saponin adjuvant. A control group
received formulation buffer (Placebo, n=35). Spleens were harvested on Day 28 for cell collection.
Isolated splenocytes were stimulated with either rS-WUL or r8-B.1.351, then subjected to
mtracellular cytokine statning to determine whether CD4+ T cells were positive for IFN-y (Fig.
S7A), IL-2 (Fig. 878}, TNF-g (Fig. 57C), or IL-4 (Fig. 87D). To examine CD8+ T cell responses,
cells were stumulated with a peptide pool corresponding to the entive Wuhan-Hu-1 spike protemn
sequence, then subjected to ICS for IFN-y, IL-2, and TNF-a (Fig. 87E).

{0677} Fige. 88A-G show the uwouvogenieity of ove or two booster BV2438 doses

iy

approximately one year after immunization with BV2373 in baboons. Fig. S8A shows the study
design. A sroall cohort of baboons (o = 2-3/group} were originally romunized with 1 ug, 5 pg, or
25 pg BV2373 with saponin adjuvant or unadjuvanted 25 ug BV2373 on Day 0 and 21 (Week O
and 3, respectively). Approxamately 1 vear later, all anomals were boosted with one or two doses
of 3 pg BYV2438 with 50 ug saponin adjuvant on Day 318 and 339 (Week 45 and 48, respectively).
Fig. 888 show the anti-CoV § IgG titer over the course of the study. Indrvidual animals™ titers are
shown over time, different colored symbols and Hines represent different dose groups for the imitial
r3-WUT immunization serigs. Sera collected before BV2438 boost (Bay 3033 as well as 7, 21, 35,
and 31 days after the boost were analyzed to deternune anti-rS-WUT (Fig. 88C) and 18-B.1.351
{Fig. S8D) IgG titers by ELISA thorizontal lines represent means), antibody titers capable of
disrupting the interaction between r8-WU1 or rf85-B.1.351 and the hACEZ receptor by ELISA (Fig.
S8E, horizontal lines represent means), and antibody titers capable of neutralizing SARS-CoV-2
strains USA-WAT, B1351, and B.1.1.7 with a PRNT assay (Fig. 58F, gray bars represent
geometric means and error bars represent 95% confidence intervals) The presence of
multifenctional CD4+ T cells positive for 3 Thi cytokines (FFN-y, IL-2, and TNF-0} was evaluated
with intracellular cytokine staming after stimulation with BY2373 or BV2438 (Fig. 58(G). Gray

bars represent means and colored symbols represent individual amimal data.
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{0078} Figs. 3%A- show individual Cytokine Responses to BV2438 boost in baboons. A
small cohort of baboons {n = 2-3/group) was immumized with 1 pg, 5 g, or 25 pg BV2373 with
50 ug saponin adjuvant or unadjuvanted 25 pg BVY2373 on Day 0 and 21 {(Week 0 and 3,
respectively). Approximately 1 vear later, all animals were boosted with one or two doses of 3 ug
BY243% with 50 pg saponin adjuvant on Day 318 and 339 {Weeks 45 and 48, respectively).
PBMCs collected pre-boost (Day 303; Week 43}, 7 days after the first rS-B.1.351 boost (Day 325;
Week 46}, and 35 days after the first r8-B.1.351 boost (Day 353; Week 50). PBMCs were
stimulated with BV2373 or BV2438 and subjected to ELISA to measure (Fig. $9A) IFN-y
producing cells as a Thi cytokine and (Fig. $9B) IL-4 producing cells as a Th2 cviokine. CD4+ T
cells were also stimulated with BV2373 or BV2438, then subjected to ICS to measure cells
producing IFN-y (Fig, 59C), IL-2 (Fig. 39D), TNF-¢ (Fig. S9E), [L-5 (Fig. 59F), and [L-13 (¥ig.
59G).

[0079] Figs. 68A~B show SARS-CoV-2 varant neutralizing titers from human subjects
immunized with BV2373. Serum samples from chinical study participants (o= 30) were subjected
toa PRNT assay to determune the presence of neutralizing antibodies against USA-WAT1 compared
to B.1.1.7 (Fig. 60A) and B.1.351 (Fig. 60B). Individual subjects” tiers are shown with black
circles, lines connect mdividuals’ titers against USA-WAL to their titer against the respective
varant,

{0080] Figs. 61A-B shows anti~S protein IgG titers before and after boost with BV2373 and a
saponin adjuvant for the following SARS-CoV-2 variants: {1} SARS-CoV-2 virus having a CoV S
polypeptide with 3 D614G mutation compared to the protemn having an amimo acid sequence of
SEQ ID NG 1 (1) a SARS-CoV-2 alpha strain, a SARS-CoV-2 beta strain, and a SARS-CoV-2
delta strain. Fig. 61 A shows the fold mcrease from day 35 to day 217, Fig. 618 shows the fold
merease from day 189 o day 217

{0081] Figs. 62A-B shows the functional hACEZ mhibition before and after boost with
BY2373 and a saponin adjuvant for the following SARS-CoV-2 varants: (1) SARS-CoV-2 virus
having a CoV § polypeptide with a D614G mutation compared to the protein having an aming acid
sequence of SEQ ID NO: 1; (1) a SARS-CoV-2 alpha strain, a SARS-CoV-2 beta strain, and a
SARS-CoV-2 delta strain. Fig. 62A shows the fold increase from day 35 to day 217, Fig. 62B

shows the fold increase from day 189 to day 217
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{0082} Fig. 63 shows a diagram of booster dosing for participants of the trial described in
Example 11.

{0083} Figs, 64A-B show local (Fig. 64A) and systemic (Fig, 648} reactogenicity of patients
i Group B2 of the trial described in Example 11

{0084} Fig. 65 shows serum IgG titers to the ancestral SARS-CoV-2 strain by study day of the
patients described in Example 11

[0085] Fig. 66 shows neutralizing antibody activity for the ancestral SARS-CoV-2 strain by
study day of the patients described in Example 11

{0086} Fig. 67 shows the neutralizing antibody 99 {(neut99) values for the immunogenic
composition comprising BV2373 and saponin adjuvant of Example 11 against the SARS-CoV-2

strain containing a D614G mutation and the B.1.617 2 (delta variant).

DETAILED DESCRIPTION OF THE INVENTION
Definitions

{0087} As used herein, and in the appended claims, the singolar forms “a”, “an”, and “the”
mclude plural referents unless the context clearly dictates otherwise. Thus, for example, reference
to “a protein” can refer to one protein or to mixtures of such protein, and reference {o “the method”
mcludes reference to equivalent steps and/or methods known to those skilled 1n the art, and so
forth.

{6088] As used herein, the term “adjuvant” refers to a compound that, when used in
combmation with an immunogen, augments or otherwise alters or modifies the immune response
mduced against the immunogen. Modification of the immune response may include intensification
or broadening the specificity of either or both antibody and cellular immune responses.

[0089] As used herein, the term “about” or “approxumately” when preceding a numerical value
indicates the value plus or minus a range of 10%. For exarople, “about 1007 encompasses 90 and
110,

{0090] As used heren, the terms “imrounogen,” “antigen,” and “epitope” refer to substances
such as proteins, including glycoproteins, and peptides that are capable of ehiciting an immune

response.
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{0091} As used herein, an “immunogenic composition” 1S a composition that comprises an
antigen where administration of the composition to a subject results in the development in the
subject of a humoral and/or a celivlar immune response to the antigen.

{0692} As used herein, a “subunit” composition, for example a vaccine, that includes one or
more selected antigens but not all antigens from a pathogen. Such a composition s substantially
free of intact virus or the lysate of such cells or particles and 15 typically prepared from at least
partially purified, often substantially purified immunogenic polypeptides from the pathogen. The
antigens in the subunit composition disclosed herein are typically prepared recombinantly, often
using a baculovirus system.

{009 3] As used herein, “substantially” refers to isolation of a substance (e.g. a compound,
polyvnucleotide, or polypeptide} such that the substance forms the majority percent of the sample
in which it 1s contained. For exarople, in a sample, a substantially punified component comprises
85%, preferably 85%-90%, more preferably at least 95%-99 5%, and most preferably at least 99%
of the sample. If a component s substantially replaced the amount remaiing in a sample 1s less
than or equal to about 0.5% to about 10%, preferably less than about $.5% to about 1.0%.

{0094] The terms “treat.” “treatruent,” and “treating,” as used herein, refer to an approach for
obtaining beneficial or deswred results, for example, chnwal results. For the purposes of this
disclosure, beneficial or desired results may include intubiting or suppressing the tutiation or
progression of an infection or a disease; amehiorating, or reducing the development of, symptoms
of an infection or disease, or a combination thereot,

{8095} “Prevention,” as used herein, 18 used interchangeably with “prophyiaxis™ and can mean
complete prevention of an mfection or disease, or prevention of the development of symptoms of
that infection or disease; a delay in the onset of an nfection or disease or its symptoms; or a
decrease in the severity of a subsequently developed infection or disease or its symptoms.

{0096] As used herein an “effective dose” or “effective amount” refers to an amount of an
immunogen sufficient to mduce an immune response that reduces at least one symptom of
pathogen infection.  An effective dose or effective amount may be deterrmined ¢.g., by measuring
amounts of neutralizing secretory and/or serum antibodies, e.g., by plague neutralization,
complement fixation, enzyme-linked immunosorbent (ELISA), or microneutralization assay.
{0097} As used herein, the term “vaccine” refers to an immunogenic composition, such as an

mmmunogen derived from a pathogen, which is used to mnduce an immune response against the
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pathogen. The immune response may include formation of antibodies and/or a cell-mediated
response. Depending on context, the term “vaccine” may also refer {0 a suspension or solution of
an immunogen that 15 administered to a subject to produce an immune response. Preferably,
vaccines induces an immune response that is effective at preventing infection from SARS-CoV-
2 or a variant thereof.

[0098] As used herein, the term “subject” includes humans and other amimals. Typically, the
subject 15 a human. For example, the subject may be an adult, a teenager, a child (2 years to 14
vears of age), an infant (birth to 2 vear}, or a neonate (up to 2 months}. In particular aspects, the
subject 15 up to 4 months old, or up to 6 months old. In aspects, the adults are seniors about 65
vears or older, or about 60 years or older. In aspects, the subject is a pregnant woman or a woman
imntending to become pregnant. In other aspects, subject is not a human; for example a non-human
primate; for example, a baboon, a chimopanzee, a gonlla, or a macaque. In certain aspects, the
subject may be a pet, such as a dog or cat.

[0699] In aspects, the subject 15  wmmunocompronused. In  embodiments, the
momunocompromised subject 1s administered a medication that causes immunosuppression. Non-
fniting exaroples of medications that cause romunosuppression nclude corticosteroids {e.g.,
predmisone), alkylating agents {e.g., cyclophosphamide), antimetabolites (e.g., azathioprine or 6-
mercaptopurine), transplant-related mmunosuppressive drugs (e.g., cyclosporine, tacrolumus,
strolimus, or mycophenolate mofetil), nutoxantrone, chemotherapeutic agents, methotrexate,
tumor necrosis factor (TNF)-blocking agents {e.g, etanercept, adalimumab, mflpamab). In
embodiments, the mmmunocompromised subject 13 nfected with a virus {eg., human
mmunodeficiency virus or Epstem-Barr virus}). In embodiments, the virus 1s a8 respiratory virus,
such as respiratory syncytial virus, influenza, parainfluenza, adenovirus, or a picornavirus, In
embodiments, the ymmunocompromised subject has acquired mmunodeficiency syndrome
{AIDS). In embodiments, the immunocompromised subject 1s a person biving with human
immunodeficiency  virus (HIV) In embodiments, the immunocompromised subject is
mumunccompromised due o a treatment regiment designed to prevent inflammation or prevent
rejection of a transplant. In embodiments, the immunocompromised subject 15 a subject who has
received a transplant. In embodiments, the immunocompronused subject has undergone radiation
therapy or a splenectomy. In embodiments, the immunocompromised subject has been diagnosed

with cancer, an autoimmune disease, tuberculosis, a substance use disorder {&.g., an alcohol,
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opioid, or cocaine use disorder), stroke or cerebrovascular disease, a solid organ or blood stem cell
transplant, sickle cell disease, thalassemia, autormmune lymphoproliferative syndrome {ALPS),
autormmune polyglandular syndrome type 1 (APS-1}, B-cell expansion with NF«B and T-cell
anergy {BENTA} disease, Caspase-8 deficiency state (CEDS), chronic granulomatous disease
(CGD), common variable immunodefictency {CVID), congenital neutropenia syndromes, a
deficiency in the cvtotoxic T-lymphocyte-associated antigen 4 {CTLA-4), a DOCKS deficiency, a
GATAZ deficiency, a glycosylation disorder with immunodeficiency, a hyper-immunoglobulin E
syndrome {HIES}, hyper-immunogiobulin M syndrome, diabetes, type 1 diabetes, type 2 diabetes,
mterferon gamma deficiency, mterleukin 12 deficiency, mterleukin 23 deficiency, leukocyte
adhesion deficiency, lipopolysaccharide-responsive beige-like anchor {LRBA) deficiency, PI3
kinase disease, PLLCG2-associated antibody deficiency and immune dysregulation (PLAID),
severe combined momunodeficiency (SCID), STAT3 dommnant-negative disease, STATS gain-of-
function disease, warts, hypogammaglobulinenua, infections, and myelokathexis (WHIM)
syndrome, Wisckott-Aldrich syndrome (WAR), X-hnked agammaglobulinemia (XA}, X-linked
lymphoproliferative disease (XLP), urenua, malnutrition, or XMEN disease. In erobodiments, the
mmmunocompromised subject 15 a current or former cigarette smoker. In embodiments, the
momunocompromised subject has a B-cell defect, T-cell defect, macrophage defect, cytokine
defect, phagocyte deficiency, phagocevte dysfunction, complement deficiency or a combination
thereof

{0100] In embodiments, the subject 18 overweight or obese. In embodiments, an overweight
subject has a body mass index (BMI} > 25 kg/m®and < 30 kg/m?. In embodiments, an obese subject
has a BMI that is > 30 kg/m® In embodiments, the subject has a mental health condition. In
embodiments, the mental health condition 1s depression, schizophreria, or anxiety.

{8101} As used herein, the term "pharmacestically acceptable” means bemmg approved by a
regulatory agency of a UK. Federal or a state government or listed m the 1UJ.S. Pharmacopeia,
European Pharmacopeia or other generally recognized pharmacopeia for use in mammals, and
more particolarly in humans. These compositions can be useful as a vaccine and/or antigenic
compostiions for mducing a protective immune response in a vertebrate.

{0102] As used herein, the term “about” means phus or minus 10% of the indicated numerical

value.
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{0103} As used herein, the term “NVX-CoV2373” refers to a vaccine composition comprising
the BY2373 Spike glvcoprotein (SEQ ID NGO 87} and Fraction A and Fraction € iscom matrix
(g2, MATRIX-M™).

{6104} As used herein, the term “modification” as it refers to a CoV § polypeptide refers to
mutation, deletion, or addition of one or more amino acids of the CoV S polypeptide. The location
of a modification within a CoV S polypeptide can be determined based on aligning the sequence
of the polypeptide to SEQ ID NO: 1 {(CoV S polypeptide containing signal peptide) or SEQ 1D
NO: 2 (mature CoV S polypeptide lacking a signal peptide}.

[0105] The term vanant of SARS-CoV-2 used interchangeably herein with a “heterogeneous
SARS-CoV-2 strain” 15 a SARS-CoV-2 virus comprising a CoV S polypeptide having at least
about 2, at least about 3, at least about 4, at least about 5, at least about 6, at least about 7, at least
about 8, at least about @, at least about 10, at least about 11, at teast about 12, at least about 13, at
least about 14, at least about 15, at least about 16, at least about 17, at least about 18, at least about
19, at least about 20, at least about 21, at least about 22, at least about 23, at least about 24, at least

about 25, at least about 26, at least about 27, at least about 28, at least about 29, at least about 30,

5
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at least about 31, at least about 32, at least about 33, at least about 34, or at least about

[y

modifications, between about 2 and about 35 modifications, between about 5 and about 10
modifications, between about 5 and about 20 modifications, between about 10 and about 20
modifications, between about 15 and about 25 modifications, between about 20 and 30
modifications, between about 20 and abowt 40 modifications, between about 25 about 45
modifications, as compared to a CoV § polypeptide having the amino acid sequence of SEQ 1D
NGO 1 or SEQ ID NO: 2. In embodiments, the heterogeneous SARS-CoV-2 strain is a SARS-{oV-
2 viras comprising a CoV S polypeptide with at least about 70 %, at least about 75 %, at least
about 80 %, at least about &5 %, at least about 90 %, at feast about 95 9%, at Jeast about 96 %, at
least about 97 %, at least about 98 Y%, or at least about 99 % dentity to a CoV § polypeptide having
the aming acid sequence of SEQ 1D NG: 1 or SEQ 1D NO: 2. In embodiments, the heterogengous
SARS-CoV-2 stram 1s a SARS-CoV-2 virus comprising a CoV 8 polypeptide with between about
70 % and about 99.9 % dentity to a CoV S polypeptide having the amino acid sequence of SE(
ID NG 1 or SEQ ID NGO 2. In embodiments, the heterogenecus SARS-CoV-2 siramn 15 a SARS-
CoV-2 virus comprising a {oV § polypeptide with between about 70 % and about 99.5 % identity

to a CoV 8 polypeptide having the amino acid sequence of SEQ ID NO: 1 or SEQ 1D NO: 2. In
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embodiments, the heterogeneous SARS-CoV-2 sirain 15 a SARS-CoV-2 virus comprising a CoV
S polypeptide with between about 90 % and about 99.9 % identity to a CoV S polypeptide having
the aming acid sequence of SEQ 1D NG: 1 or SEQ 1D NO: 2. In embodiments, the heterogengous
SARS-CoV-2 stram 1s a SARS-CoV-2 virus comprising a CoV 8 polypeptide with between about
90 % and about 99.8 % dentity to a CoV S polypeptide having the amino acid sequence of SE(
ID NO: 1 or SEQ ID NG 2. In embodiments, the heterogeneous SARS-CoV-2 strain 1s a SARS-
CoV-2 virus comprising a CoV S polypeptide with between about 95 %9 and about 99.9 % identity
to a CoV 8 polypeptide having the amino acid sequence of SEQ ID NO: 1 or SEQ D NG: 2. In
embodiments, the heterogeneous SARS-CoV-2 strain 1s a SARS-CoV-2 virus comprising a CoV
S polypeptide with between about 95 % and about 99.8 % dentity to a CoV S polypeptide having
the amino acid sequence of SEQ 1D NO: 1 or SEQ 1D NO: 2. In embodiments, the heterogeneous
SARS-CoV-2 strain 18 a SARS-CoV-2 virus comprising a CoV S polypeptide with between about
95 Y% and about 99 % identity to a CoV S polypeptide having the amino acid sequence of SEQ 1D
NO: 1 or SEQ ID NG: 2.

{0106} The termn “B.1 1.7 SARS-CoV-2 straiy” {also referred to as an “alpha” strain) refers to
a heterogenous SARS-CoV-2 strain baving a CoV S polypeptide comprising deletions of anuno
acids 69, 70, and 144 and mutations of NSO1Y, AS70D, D614G, PO81TH or PORIR, T7161, S8982A,
and D11I8H, wherein the CoV 8 polypeptide is numbered with respect to the wild-type SARS-
CoV-2 S polypeptide having the amino acid sequence of SEQ ID NO: 1. The CoV 8 polypeptide
ofa B.1.1.7 SARS-CoV-2 strain may optionally contain a deletion of amino acid 145, mutation of
F484K, 1.432R, or S494F, or a combination thereof,

[0107] The term “B.1.351 SARS-CoV-2 stram” {also referred t0 35 a “beta” stram) refersto a
heterogenous SARS-CoV-2 stram having a CoV S polypeptide comprising mutations of DE0A,
K417N, E484K, NS01Y, D614G, and A701V, wherein the CoV 8 polypeptide 13 numbered with
respect to the wild-type SARS-CoV-2 S polypeptide having the ammo acid sequence of SEQ ID
NG 1. The CoV S polvpeptide of a B.1.617.2 SARS-CoV-2 strain may optionally contain one or
more of the following mutations: D215G; L242H; R2461; or deletion of 1, 2, or 3 amino acids of
241-243, wherein the CoV § polypeptide is numbered with respect to the wild-type SARS-CoV-2
S polypeptide having the aming acid sequence of SEQ ID NG: 1. In embodiments, the beta strain’s
CoV 8 polypeptide comprises mutations of D8UA, D215G, L242H, K417N, E484K, NSO1Y,

D614G, and A701V, wherein the CoV 8 polypeptide is numbered with respect o the wild-type
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SARS-CoV-2Z § polypeptide having the amino acid sequence of SEQ ID NG: 1. In embodiments,
the beta sirain’s CoV § polypeptide comprises mutations of DEOA, D215G, deletionof 1, 2, or 3
amino acids of amino acids 241-243, K417N, 484K NSO1Y, D614G, and A701V, wherein the
CoV S polypeptide 1s numbered with respect to the wild-type SARS-CoV-2 8 polypeptide having
the amino acid sequence of SEQ I NO: 1. In embodiments, the beta strain comprises mutations
of DBOA, L242H, R2461, NS01Y, K417N, E484K, D614G, and A701V, wherein the CoV S
polypeptide 1s numbered with respect to the wild-type SARS-CoV-2 § polypeptide having the
amino acid sequence of SEQ ID NO: 1.

{0108} The term “P.1 SARS-CoV-2 strain” {also referred to as a “gamma’” strain) refers to a
heterogenous SARS-CoV-2 strain having a CaV 8 polypeptide containing the mutations L18F,
TZON, P26S, DI138Y, R190S, K417T, E484K, NSO1Y, D614G, H6S55Y, Ti0271, and V1176F,
wherein the CoV 8 polypeptide 1s numbered with respect to the wild-type SARS-CoV-2 S
polypeptide having the amuno acid sequence of SEQ ID NO: 1.

{0109 The term “Cal 20C SARKS-CoV-2 strain” refers to a heterogeneous SARS-CoV-2 strain
having a CoV § polypeptide containing the mutations S131, WI52C, and L432R, wherem the CoV
S polypeptide s numbered with respect to the wild-type SARS-CoV-2 § polypeptide having the
aroino acid sequence of SEQ ID NO: L

[0110] The term “B.1.617 2 strain” (also referred to as “delta” strain) refers to a heterogeneous
SARS~CoV-2 strain having a CoV 8 polypeptide comprising deletions of amino acids 157 and 158
and mutations of TIOR, BE156G, L452R, T478K, Do140, PORIR, and DOSON, wherein the CoV S
polypeptide 13 numbered with respect to the wild-type SARS-CoV-2 § polypeptide having the
amino acid sequence of SEQ ID NO: 1. The CoV S polypeptide of a B.1.617 2 SARS-CoV-2 strain
may optionally contain one or more of the following mutations: G142D,; Wo4H; H66W, V7OF,
TOSE Y145H, D213V, L214R; A222V, W2581 or W23&L, K417N, N439K; E484K or E484(;
NSO1Y; and Q613H, wherein the CoV S polypeptide 1s numbered with respect to the wild-type
SARS-CoV-2Z § polypeptide having the amino acid sequence of SEQ ID NG: 1. In embodiments,
the delta stramn comprises a CoV S polypeptide comprising deletions of ammno acids 157 and 158
and mutations of TIOR, (142D, E156G, L4SZR, T478K, D614G, PORIR, and DOSON. In
embodiments, the delta strain comprises a CoV S polypeptide comprising deletions of amino acids
157 and 158 and mutations of TIOR, TOSI, 142D, Y145H, E156G, A222Y, K417N 1L452R,
T478K, 614G, P68IR, and DOSON, wherein the CoV S polypeptide 1s numbered with respect to
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the wild-type SARS-CoV-2 8 polypeptide having the amino acid sequence of SEQ ID NO: 1. in
embodiments, the delta strain comprises a CoV S polypeptide comprising deletions of amino acids
157 and 158 and mutations of TI9R, G142, E156(G, W2S8L, K417N, N439K, L452R, T478K,
F484K ) N501Y, D614G, P6SIR, and DISON, wherein the CoV S polypeptide 18 numbered with
respect to the wild-type SARS-CoV-2 § polypeptide having the amino acid sequence of SEQ ID
NQO: 1. In embodiments, the delta strain comprises a CoV S polypeptide comprising deletions of
amino acids 157 and 1538 and mutations of TI9R, Wo4dH, H6O6W, G142D, E156G, D213V, L214R,
W23ST KA17N, N43SK, L452R, TA78K, B484K, NS01Y, D614G, P6SIR, and DOSON, wherein
the CoV S polypeptide 1s numbered with respect to the wild-type SARS-CoV-2 § polypeptide
having the amino acid sequence of SEQ 1D NG: 1. In embodiments, the delta strain comprises a
CoV 5 polypeptide comprising deletions of amino acids 1537 and 158 and mutations of TIOR,
G142D, Ei156G, K417N, L452R, T478K, H484Q), D145, PORIR, and DO30ON, wherein the CoV
S polypeptide 18 numbered with respect to the wild-type SARS-CoV-2 8§ polypeptide having the
anuno acid sequence of SEQ ID NG: 1

{0114} The term “B.1.525 strain” {also referred to as “eta” strain) refers to a heterogeneous
SARS-CoV-2 strain having a CoV S polypeptide containing the mutations Q32R; AGTV,; E484K;
D614G; Q677H,; F888L.; and deletion of 1, 2, 3, or 4 of anune acds 69, 70, 144, 145, wherein the
CoV 8 polypeptide 1s numbered with respect 1o the wild-type SARS-CoV-2 § polypeptide having
the amino acid sequence of SEQ ID NGO 1

[0113] The term “B.1.526 strain” {also referred to as “iota” stramn} refers to a heterogeneous
SARS-CoV-2 strain having a CoV 8 polypeptide containing the mutations LSF; TOSL, D253,
E484K; D614G; and A701V, wherein the CoV 8 polypeptide 1s numbered with respect to the wild-
type SARS-CoV-2 8 polypeptide having the amino acid sequence of SEQ IDNG: 1.

[0113] The term “B.1.6171 stram” (also referred to as “kappa” strain} refers to a
heterogeneous SARS-CoV-2 stramn having a CoV S polypeptide contaming the mutations L432R;
E4840; 614G, PE8BIR; and Q1071H, wherein the CoV § polypeptide 15 numbered with respect
to the wild-type SARS-CoV-2 § polypeptide having the aming acid sequence of SEQ ID NG: 1
{0114} The term “C.37 strain” {also referred to as “lambda” stramn) refers to a heterogeneous
SARS-CoV-2 strain having a CoV 5 polypeptide containing the mutations G75V; T761; R246N;
L4520 F4908; Do14G; T859IN; and deletion of 1, 2, 3, 4, 5, or 6 of amino acids 247-253, wherein
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the CoV § polypeptide 15 numbered with respect to the wild-type SARS-CoV-2 8 polypeptide
having the amino acid sequence of SEQ 1D NG: 1

{0115} The term “B.1.621 strain” {also referred to as “mu” strain} refers to a heterogeneous
SARS-CoV-2 strain having a CoV § polypeptide containing the mutations TOSI;, Y1448, Y145N;
R346K; E484K; NSO1Y, D614, P6SIH; and DOSON, wherein the CoV § polypeptide 1s
numbered with respect to the wild-type SARS-CoV-2 S polypeptide having the anuno acid
sequence of SEQ ID NO: 1

{0116] The term “efficacy” of an immunogenic composition or vaccing composition described
herem refers to the percentage reduction of disease {e.g.,, COVID-19) in a group administered an
mmunogenic composition as compared to a group that is not adnunistered the immunogenic
composttion. In embodiments, efficacy (E) is calculated usimg the following equation: E (%) =(1
— RR} x 100, where RR = relative risk of mcidence rates between the group administered the
fumunogenic composition and the group that 15 not admumstered the immunogenic composition.
In embodiments, immunogenic compositions described heremn have an efficacy against a SARS-
CoV-2 virus or heterogeneous SARS-CoV-2 strain that is at least about 30 %, at least about 55 Y,
at least about 60 %, at 1east about 65 %, at least about 70 %, at least about 75 %, at least about 80
8%, at least about 85 %, at least about 90 %, at teast about 91 Y%, at least about 92 %, at least about
93 9%, at least about 94 %, at least about 93 %, at least about 96 %4, at least about 97 %, at least
about 98 %, at least about 99 %, between about 50 % and about 99 %, between about 50 % and
about 98 %, between about 60 %6 and about 99 %, between about 60 % and about 98 %, between
about 70 %o and about 98 %, between about 70 %% and about 95 %4, between about 70 % and about
99 %, between about 80 % and about 99 %, between about 80 % and about 98 %, between about
&0 % and about 95 %, between about 85 % and about 99 %, between about 35 % and about 98 %,
beiween about 85 % and about 95 %, between about 90 % and about 95 %, between about 9¢ %
and 98 %, or between about 90 % and about 99 %

{0117} A subiect that s “positive” for SARS-CoV-2 or a variant thereof has a positive PCR
or serological test for SARS-CoV-2 or a variant thereof. A positive PCR test detects genetic
material from SARS-CoV-2 or a variant thereof. A positive serological test shows the presence of
antihodies agamst a SARS-CoV-2 protein, typically the nucleocapsid protein from SARS-CoV-2

or a variant thereof
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{0118} The term “asymptomatic” refers to a subject that 15 positive for SARS-CoV-2 or a
SARS-CoV-2 variant thereof, but does not experience any symptoms of COVID-19.

{0119} The term “mild” as it refers to COVID-19 refers to a subject that has a positive PCR or
serological test for SARS-CoV-2 or a vanant thereof and has one or more of the following
symptoms: {1} fever, (11} new onset cough; {111} or two additional COVID-19 symptoms selected
from new onset or worsening of shortness of breath or difficulty breathing; fatigue; generalized
muscle or body aches; headache; loss of taste or smell; sore throat, congestion, or runny nose; or
nausea, vomiting, or diarrhea.

{0120} The term “moderate” as it refers to COVID-19 refers to a subject that has a positive
PCR or serological test for SARS-CoV-2 or a variant thereof and one or more of the foliowing
symptoms: {1} a high fever of = 38.4 °C for three or more days; (11} any evidence of significant
lower respiratory tract infection (LR TT), wherein the evidence 1s selected from: (a) shoriness of
breath with or without exertion; {b) tachypnea (24 to 29 breaths per minute at rest); {¢) SpO2 of
94 % 10 95 %; {d) an abnormal chest x-ray or computerized tomography (CT) consistent with
pneumorda of LRTE, or {e} adventitious sounds on lung auscultation {e.g., crackles/rales, wheeze,
rhonchy, pleural rub, stridor).

{0121] The term “severe” as 1t refers to COVID-19 refers to a subject that has a positive PCR
or serological test for SARS-CoV-2 or a variant thereot and one or more of the followng
symptoms: (1) tachypnea of > 30 breaths per mmnute at vest; {11} resting heart rate of > 125 beats
per mmnuie, (1) Sp02 of < 93% or PaO2/FMO2 < 300 mmHg; (v} requirement for igh flow
oxygen therapy or non-invasive veniilation, non-invasive positive pressure ventilation (e.g.,
continuous positive airway pressure (CPAP) or bilevel positive airway pressure (BiPAP)) (v)
requirement for mechanical ventilation or extracorporeal membrane oxygenation {(ECMO); (vi)
one or more major organ system dysfunctions or failure selected from {a} acute respiratory failure,
meluding acute respiratory distress syndrome (ARDS); {b) acute renal fatlure; {¢} acute hepatic
failure; (d} acute right or left heart fatlure; () septic or cardiogenic shock {with shock defined as
systolic blood pressure (SBP} of < 90 mmHg or diastolic blood pressure (DBP) or < 60 mmHg);
{(fy acute stroke (ischemic or hemorrhagic); (g} acute thrombotic event, such as acute myocardial
mfarction {AMI), deep vein thrombosis (DV'T), or pulmonary embolism (PE}, (h) a requirement
for vasopressors, systemic corticosteroids, or hemodialysis; {(vil) admission to an intensive care

unit; or {vii} death.
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Vaccine Compuositions Containing Coronavirus (CoV} Spike (8} proteins

{0122] The disclosure provides non-naturally occurring coronavirus {(CoV) Spike (8)
polypeptides, nanoparticles containing CoV 8 polypeptides, and immunogenic composttions and
vaccine compositions contaming  etther non-npaturally occurring CoV 8 polvpeptides or
nanoparticles containing CoV S polypeptides. In embodiments, provided herein are methods of
using oV S polypeptides, nanoparticles, immunogenic compositions, and vaccine compositions
to stimulate an immune response.

{0123] Also provided herein are methods of manufacturing the nanoparticles and vaccine
compositions. Advantageously, the methods provide nanoparticles that are substantially free from
contamination by other proteins, such as proteins associated with recombinant expression of
proteins in insect cells. In embodiments, expression occurs m baculovirus/St9 systems.

Col § Polypeptide Antigens

{0124} The vaccine compositions of the disclosure contain non-naturally occurring CoV S
polypeptides. CoV S polypeptides may be derived from coronaviruses, including but not hmited
to SARS-CoV-2, for example from SARS-CoV-2, from MERS CoV, and from SARS CoV. In
embodiments, the CoV 8 polypeptide 1s derived from a varnant of SARS-CoV-2. In embodiments,
the variant of SARS-CoV-2 18 SARS-CoV-2 VU 202012/01, B.1.1.7 (also called “SOIY. V17 and
“alpha”), B.1.351 (also called “501Y. V2" and “beta™), B. 1.617 2 {also called “delta”™), Cal 20C
{also called “epsilon™)}, or P.1 (also called “gamuna”™). The vartant of SARS-CoV-2 15 designated
by a World Health Orgamzation (WHO) label (e g., alpha, beta, gamma, delta, etc), by its
Phylogenetic Assignment of Narmed Global Outbreak (PANGO) lineage, by its GISAID clade, or
by 1ts Nextstrain clade.

0125} The table below provides a list of vartant SARS-CoV-2 strains:

WHQO label Modifications {Optional
GISAID ] ‘ compared to Modifications
Nextstrain clade SEQ 1D NO: 1 compared to
SECQID NG 1

Pango
lineage™ | clade
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Dieletion of
aming acids 69
and 70;
deletion of
aming acids
144 N501Y;

Deletion of
amino acid
145; E484K;
L4A32R,; S494P

Alpha B1.17 GRY 201 (V1) AS70D:
6140
P681H or
PGSIR, T716l,
SO82A; and
D1118H
215G,
1.242H;
R2461;
DR0A: Deletion of 1,
- ke _— o - K417 2, or 3 amino
Beta B.1351 ( GH/SOIY V2 {20H (VD) 484K : eids of 241~
INSOLY 243
D614G;
AT0LY
L18F; T20N;
P26S; B138Y;
R190S:
K417T;
. B EATVAY | AnT v HAB4K
Gamma Bl R/SOIY. VI {200(V3) NSOLY:
D614G;
H655Y;
T10271; and
YV1176F
T19K; B156G; G142,
deletion of WodH, HOoW,
amino acids  (V70F; TOSE
157 and 158; [Y145H;
LA52R; D213V,
T478K; 214K,
Delta B1o1721G/M478K VY {21A 211 21 Dol4G AZ22V,
PogiR; W258I or
DISON W2S8L,;
K417N;
N43IOK
H4R4K or
H484Q;
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NSO1Y,
(3613H

0O52R; AGTV:
deletions of
amino acids
9-70;
deletions of
amino acids
144145
F484K:
614G

Q67 7H,; F8SEL

Eia B.1.525

LSE, T951,
D253G;
Tota B.1.526 484K
D614G:;
A701Y

F452R:
F4840);
Kappa B1617.1 614G,
PESIR;
Q1071

(G75V, T761,

246N,
deletion of 1,
2. 3,4, 5, 0186
amino acids of
247253
1.4520;
F4908:
D614G;
TRSON

Lambda .37

TOSI; Y1448,
V145N
R346K:
FA%4K.
NSOTY:
614G
PESTH;
950N

Mu B.1.621
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{0126] In embodiments, the SARS-CoV-2 virus has a CoV 5 polypeptide having the amuno
acid sequence of SEQ ID NO: 1, and the variant of SARS-CoV-2 comprises a CoV S polypeptide
having at least about 1, at least about 2, at least about 3, at least about 4, at least about §, at least
about 6, at least about 7, at least about 8, at least about 9, at least about 10, at least about 11, at
least about 12, at least about 13, at least about 14, at least about 13, at least about 16, at least about
17, at least about 18, at least about 19, at least about 20, at least about 21, at least about 22, at least
about 23, at least about 24, at least about 25, at least about 26, at least about 27, at least about 28,
at least about 29, at least about 30, at least about 31, at least about 32, at least about 33, at least
about 34, at least about 35 modifications, at least about 36, at least about 37, at least about 38, at
least about 3%, at least about 40, at least about 41, at least about 42, at least about 43, at least about
44, at least about 45, at least about 46, at least about 47, at least about 48, at least about 49, at least
about 50, at least about 31, at least about 52, at least about 53, at least about $4, at least about 55,
at least about 56, at least about 57, at least about 58, at least about 59, or at least about 60
modifications comapared to SEQ ID NO: L

{0127} In countrast to the SARS-CoV 8 protein, the SARS-CoV-2 § protern has a four anuno
acid msertion 1n the 81/582 cleavage site resulting 1n a polybasic RRAR furin-like cleavage mouf
The SARS-CoV-2 S protein 15 synthesized as an wnactive precursor {80} that 1s proteolytically
cleaved at the furin cleavage site into S and 82 subunits which remain non-covalently linked to
form prefusion trimers. The 82 domain of the SARS-CoV-2 § protem comprises a fusion peptide
{FP}, two heptad repeats (HR1 and HR2Z), a transmembrane {TM) domain, and a cytoplasmic tail
(CT). The S1 domam of the SARS-CoV-2 8 protem folds nto four distinet domains: the N-
termyinal domain (NTD) and the C-terminal domain, which contains the receptor binding domam
{(RBD) and two subdomains SB1 and 8D2. The prefuston SARS-CoV-2 8§ protein trimers undergo
a structural rearrangement from a prefusion to a postfusion conformation upon S-protein receptor
binding and cleavage.

{0128] In embodiments, the CoV 8 polypeptides are glycoproteins, due to post-translational
glycosylation. The glycoproteins comprise one or more of a signal peptide, an 51 subunit, an S2
subunif, a NTD, a, RBD, two subdomains {SD1 and SD2, labeled SD1/2 in Figs, 46A-B and
referred to as “SE/27 herein), an intact or modified fusion peptide, an HRI domain, an HR2

domain, a TM™, and a CD. In embodiments, the amino acids for each domain are given in Fig, 2
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and Fig. 46A (shown according to SEQ 1D NG: 1), Fig. 468 (shown according to SEQ 2 NQG: 2},
and Fig, 3 (shown corresponding to SEQ ID NO: 1) In embodiments, each domain may have at
ieast 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96 9%, at
least 97%, at least 98 %, at least 99%, or at least 99.5% identity to the sequences for each domain
as i SEQ ID NG: 1 or SEQ ID NO: 2. Each domain may have a deletion, an insertion, or mutation
of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5, up to about 10, up to
about 20, up to about 30, up to about 35, up to about 40, up to about 45, up to about 50, up to about
55, up to about 60, up to about 63, or up to about 70 amino acids compared to those shown in SEQ
IDNO: 1 or SEQ ID NO: 2. Each domain may have a deletion, an insertion, or mutation of between
about | and about 5 amino acids, between about 3 and about 10 amino acids, between about 5 and
about 10 amino acids, between about 8 and about 12 amino acids, between about 10 and about 13
amino acids, between about 12 and about 17 amino acids, between about 15 and about 20 amino
acids, between about 18 and about 23 amino acids, between about 20 and about 25 amino acds,
between about 22 and about 27 amuno acids, between about 25 and about 30 anuno acids, between
about 30 and about 35 amino acds, between about 35 and about 40 amino acids, between about
40 and about 45 amino acids, between about 45 and about 50 amino acids, between about 30 and
about 55 anuno acids, or between about 55 and about 60 anuno acids as compared to those shown
in SEQ ID NG: 1 or SEQ TD NO: 2. Note that Figs. 2 and 3 illustrate the 13-ammno acid N-termomnal
signal peptide that 1s absent from the mature peptide. The CoV 8 polypeptides may be used to
stimulate tmmune responses against the native CoV Spike (8 polypeptide.
{0129] In embodiments, the native CoV Spike (8) polypeptide (SEQ 1D NO: 2) 13 modified
resulting 1 non-naturally occurring CoV Spike (8) polyvpeptides (Fig. 1) In embodiments, the
CoV Spike (8) glycoprotens comprise a S1 subuntt and a 82 sobuonit, wherein the ST subunit
comprises an NTD, an RBD, a SD/2, and an nactive furnin cleavage site {(amino acids 669-672},
and wherein the 82 subunit comprises mutations of amino acids 973 and 974,

wherein the NTE {amino acids 1-318) optionally comprises one or more modifications
selected from the group consisting of

{(a) deletion of one or more amino acids selected from the group consisting of amino acid

56, 57, 131, 132, 144, 145, 228, 220, 230, 231, 234, 235, 236, 237, 238, 239, 240 and

combinations thereof;

(b} insertion of 1, 2, 3, or 4 amino acids after ammo acid 132; and
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{c} mutation of one or more amino acids selected from the group consisting of amino acid
5,6,7,13,39, 31, 53, 54, 56,57, 62,63, 67,82, 125, 129, 131, 132, 133,139, 143, 144, 145,177,
200, 201, 202, 209, 229, 233, 240, 245, and combinations thereot)

wherein the RBD optionally comprises mutation of one or more amino acids selected from
the group consisting of amino acid 333, 404, 419, 426, 439, 440, 464, 465, 471, 477, 481, 488, and
combinations thereof;

wherein the SD1/2 domain optionally comprises mutation of one or more amino acids
selected from the group consisting of 557, 600, 601, 642, 664, 668, and combinations thereof;, and

wherein the 82 subunit optionally comprises one or more modifications selected from the
eroup consisting of’

{(a) deletion of one or more amino acids from 676-685, 676-702, 702-711, 775-793, 806-

815 and combinations thereof:

{b) mutation of one or more amino acids selected from the group consisting of 688, 703,
R4o, 875, 937, 969, 973, 974, 1014, 1058, 1105, and 1163 and combinations thereof, and
{c} deletion of one or more anuno acids from the transmernbrane and cytoplasnic domam
(TMCT) (aromo acids 1201-1260),
wherein the amimo acids of the CoV S glyveoproten are numbered with respect to SEQ 1D NO: 2.
[0130] Fig. 3 shows a CoV § polypeptide called BV2378, which has an 1nactive furin cleavage
stte, deleted fusion peptide (e g., deletion of anmino acids 819-828), a KO8GP, and a V987 mutation,
wherein the amino acids are numbered with respect to SEQ ID NO: 1. The mature BV2378
polypeptide lacks one or more amino acids of the signal peptide, which are amino acids 1-13 of
SEGQGIDNO: L
{0131} In embodiments, the CoV § polypeptides described herein exist mn a prefusion
conformation. In embodiments, the CoV S polypeptides described heremn comprise a flexable HR2
domain. Unless otherwise mentioned, the flexbility of a domain is determined by transition
electron mucroscopy (TEM) and 2D class averaging. A reduction in electron density corresponds
to a flexible domain.
Col/ 8 Polvpeptide Antigens- Modifications to 81 subunit
{6132} In embodiments, the CoV S polypeptides contain one or more modifications to the 81
subunit having an amino acid sequence of SEQ ID NO: 121,

{0133] The amino acid sequence of the S1 subumit (SEQ 1D NO: 121) ts shown below.

W
(9]
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QUVNLTTIRTOQLPPAYTNSFTRGYVYYPDKVFEFRSSVLHSTQDLFLPFFSNVTWEFHAIHVSGT
NGTRRFDNPYLPFNDGYVYFASTEKSNIRGWIFGTTLDSKTOSLLIVNNATNVVIKVCEF
QFCNDPFLGVYYHRNNKSWMESEFRVYSSANNCTFEYVSOQPFLMDLEGKQGNFKNLRE
FYFRNIDGYFRKIYSKHTPINLVRDLPOQGFRALEPLVDLPIGINITRFGTLLALHRSYLTPGE
SESGWTAGAAAYYVGYLOPRTFLLEYNENGTITDAVDCALDPLSETRCTLESFTVEKGI
YOTSNFRVOPTESIVREPNITNLOPFGEVENATRFASYVYAWNRKRIENCVADYSVLYNSA
SESTRFROYGVSPTRLNDLCFTNVYADSFVIRGDEVROQIAPGOTGRKIADYNYKLPDDFTGC
VIAWNSNNLDSKVGGNYNYLYRLFREKSNLKPFERDISTEIYOAGSTPONGVEGENCYFR
LOSYGFOPTNGVGYQPYRVVVLSFELLHAPATVCOGPKKS TNLYVEKNKCYNENFNGLTGT
GYLTESNKEKFLPFOQFGRDIADTIDAVRDPQTLEILDITPCSFGGVSVITPOGTNTENQVAY
LYQDVYNCTEVPVAIHADQLUTPTWRVYSTGENVFQTRAGCLIGAFHVNNSYECDIPIGAGHE
CASYQTOTNSPRRAR
[0134] Underlined regions of SEQ ID NO: 121 represent amino acids within the 81 suburut
that may be modified.
{0135] Tn embodiments, the CoV 5 polypeptides described herein comprise an S1 subumut with
at least 95%, at least 96 %, at least 97%, at least 98 Yo, at least 99%, or at least 99 5 %, identity to
the 81 suburut of SEQ ID NO: 1 or SEQ 1D NG 2. The S! subunit may have a deletion, an
nsertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5,
up to about 10, up to about 15, up to about 20, up to about 25, or up to about 30 amuno acids
compared to the amino acid sequence of the 81 subumit of SEQ ID NG: 1 or SEQ 1D NO: 2. The
S1 subumit may have a deletion, an msertion, or mutation of between about 1 and about 5 ammo
acids, between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between
about 8 and 12 amine acids, between about 10 and 15 amino acids, between about 12 and 17 amino
acids, between about 15 and 20 amino acids, between about 13 and 23 amino acids, between about
20 and 25 amino acids, between about 22 and about 27 amuno acids, or between about 25 and 30
amino acids as compared to the S1 subumt of SEQ ID NO: 1 or SEQ ID NO: 2.
{8136} In embodiments, the 81 subunit may contan any combination of modifications shown
in Table 1A

Table 1A

Modifications to 51 (SEQ ID NG 121)
* amino acids 14-685 of SEQ ID NO: 1 and amino acids 1-672 of SEQIDNO: 2
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Position
within
SEGID
NEd: 1

Position
within
SEQID
NG 2

Position
within
SEQID
NG: 121

Potential Modifications

14-305

1-292

[-292

deletion of up to about 1, 2, 3,
60, 70, 80, 90, 100, 110, 120, 1
180, 190, 200, 210, 220, 230, 2
290, or 292 amino acids

45,10, 20, 30, 40, 50,
30, 140, 150, 160, 170,
40, 250, 260, 270, 280

>

I8

(4

mutation to pheaylalanine
mtation o tyrosing
mutation to trypiophan

19

6

6

® B B I8 B &

mudation to argining
mutation to lysine
mutation to histidine

20

&% & @ B

mutation o asparaging
mutation to glotamine
muptation o 1soleucine
mitation to valine

mutation to serine
mutation to threonine

L
)

39

® B B |8 &

mudation to argining
mtation to lysine
mutation to histidine

&4

53

mutation to lustiding
mutation to lysine
mutation to argiiine

66

j ]
L

(s
2

mutation o tryptophan
mtation o tyrosing
mutation to phenylalanine

67

54

® B R I8 & & & @ B

mutation to valine
mutation to isoleucine
mutation to leucine

59

Deletion of amino acid

7
i

& & @ B @

Deletion of amino acid
Mustation to phenylalanine
Mutation to tyrosine
Mutation io frypiophan

62

Mutation to valine
Mutation to leucine
Mutation to isoleucine

¢ B BB & &

Mutation to isoleucine
Mutation to valine
Mutation to leucine

®

&

mutation to alanine
mutation to plveing

mutation to beta branched amino acid
mutation to 1soleucine

[V
N
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mutation to valine

mutation (o tyrosing
mutation to phenylalanime
mutation to frvptophan

142

B BB & & &

mtation to aspartic acid
mutation to ghutamic acid

144

L]

®

Deletion of amino acid
Mutation to serine

3 & & @ B

Deletion of amino acid

Muttation to histidine

Mutation to asparaging

Mutation to glutaming

imsertion of 1, 2, 3, or 4 amino acids after amino acid
132 {¢.g., asparaging)

146

-y
(Y]
fad

mutation to aromatic aminge acid
mtation o tyrosing

mutation to phenylalanine
mutation to trvptophan

139

mutation 1o cysicine
mutation to methionine
muptation to serng
mautation to threonine

& & i® & © B IV 8B B &

mutation to glveine
mutation to alanne

deletion of amno acid

deletion of amno acid

B & & (& i@

mutation 0 serine
mutation to threonine
mutation o cvsteine

200

200

mutation to valine

mutation to leucine

mutation io 1soleucine

mutation to beta branched amino acid

201

201

2 & & (& €@ B B

mutation (o arginine
mutation to lysine
mulation to histidine

202

mutation to glveine
mutation to alanine

209

¢ B BB @

mutation to valine
mutation to leucine
mutation to isoleucine

241-244

228-231

deletion of 1, 2, 3, or 4 amino acuds

242

mutation o listidime
mutation to lysine
ntation 10 argiune

233

et
s
[

& {8 @& @ [|@ @

mutation to beta-branched amino acid
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nutation o soleucine
mnitation 1o valine
mtation to threonine
mutation 1o asparagine

® {® B & &

247 234 234 deletion of amino acid

248 235 235 deletion of amino acid

L]

249 236 236 deletion of amino acid

L]

250 237 237 deletion of amino acid

L]

251 238 deletion of amino acid

(PSR TR R
o]
L2

deletion of amino acid

N
=

mudation to glveine
deletion of amino acid

muiation to 1soleucine

mutation to valine

mutation io leucine

mutation o beta branched amino acid

o]
(4
e}
N2
=,
A
3 RN
o
(4
& @ B B | B & |8

346

43
3
(8]
8]
(]
fad
&

mutation to lysine
mlation to argiing
mulation to histidine

&

®

417 404 404 nnitation to asparaging

mtation to threonine

mutation 1o 1soleucme

mutation io vahne

mutation to sering

rutation to ghitaming

mtation to beta-branched amino acid

3 & & @ © B @

432 419 419 muitation to lysine
muation 1o argioine

mutation to lustidine

439 426 426 mutation to lysine
mutation (o arginine

mutation to histidine

2 & & @ {® B B

452 439 439 nnitation to arginine
mtation to lysine
mutation to histidine
mutation o glotamine
mutation (0 asparagine

& @ B B @

453 440 440

&

mutation to pheaylalanine
nutation to vpiophan

&

477 464 464 mutation to asparagine

mulation to ghytamine

478 465 465 mutation to lysine
mation 1o argining

mutation to hustidine

® B B |8 &

484 471 471

L]

mutation to lysine
mutation {o arginine

[
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s  mutation to histidme
s midation to ghitamine
* mutation fo asparaging
460 477 477 ®  rmpation {0 senne
e mutation to threonine
494 481 481 e mutation to proling
501 488 488 e mmation to tyrosing
e mutfation to phenvialanine
e mutation (o tryptophan
370 557 357 e  Muttation to aspartic acid
s  Mutation to ghitamic acid
613 600 6500 s  Mutation to histidine
»  Mutation to lvsine
s Mutation (o argining
614 601 o0 +  Mutation to glycing
+  Mutation o alamung
655 642 642 e Mutation io tvrosine
e  Mutation to phenvlalanine
e Mutation to irypiophan
677 564 664 e Mutation to histidine
681 668 668 e Mutation to histiding
s  Mutation to lysine
#  Mutation to argining
H82-685 | 669-672 669-672 s nactive furio cleavage site (Sec Table 1F)

CoV' 8§ Polypeptide Antigens- Modifications to 81 subunit- NTD

{0137} In embodiments, the CoV S polypeptides contain one or more modifications to the
NTD. In embodiments, the NTD has an amino acid sequence of SEQ ID NO: 118, which
corresponds to aming acids 14-305 of SEQ 1D NO: 1 or ammno acids 1-292 of SEQ D NG 2.
{013§] The anuno acid sequence of an NTD (SEQ 1D NO: 118) 13 shown below.
QUVNLTTRTOLPPAYTINSFTRGYYYPDKVEFRSSVLHSTODLFLPFFSNVTWFHAIHVSGT
NGTERFDNPVLPFNDGYVYFASTEKSNIRGWIFGTTLDSKTOSLLIVNNATNYVVIKVCEF
QFCNDPFLGVYYHENNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKOQGNFKNLRE
FVFRNIDGYFRIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFOQTLLALHRSYLTPGD
SSSGWTAGAAAYYVGYLOPRTIFLLEYNENGTITDAVDCALDPLSETKCTLES

{8139} In embodiments, the NTD has an anmino acid sequence of SEQ ID NO: 45, which
corresponds to arnmo acids 14 1o 331 of SEQ ID NG T or amino acids 1-318 of SEQ 1D NG 2.

The amino acid sequence of an NTD {SEQ ID NO: 45) is shown below.

40



WO 2022/203963 PCT/US2022/020974

8140} QUVNLTTRTGLPPAYTNSFTRGVYYPDRKVFRESVLHSTODLFLPFFSNVTWEFH
ATHVSGINGTEKRFDNPYLPEFNDGYVYFASTERSNIRGWIFGTTLDSKTQSLLIVNNATNY
VIKVCEFGQFONDPFLGVY YHKNNEKSWMESEFRVY SSANNCTFEY VSGPFLMBLEGK QG
NEFKNLREFVFENIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFOTLLALHR
SYLTPGDSSSOGWTAGAAAYYVOGYLOPRTFLLKYNENGTITDAVDCALDPLSETKOTLKS
FIVEKGIYQTSNFRVOPTESIVREPN

{0141} In emabodiments, the NTD and RBD overlap by up to about 1 amino acid, up to about
S amino acids, up to about 10 amino acids, or up to about 20 amino acids.

{0142} In embodiments, an NTD as provided herein may be extended at the C-termunus by up
to 5, upto 10, up to 15, up to 20, up to 25, or up to 30 amino acids.

{0143} In embodiments, the CoV S polypeptides described herein comprise a NTD with at
feast 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99.5 %o, identity to
the NTD of SEQ 1D NO: | or SEQ ID NO: 2. The NTD may have a deletion, an insertion, or
mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5, up to about
10, up to about 15, up to about 20, up to about 25, or up to about 30 ammo acids compared to the
amino acid sequence of the NTD of SEQ ID NG: 1 or SEQ 1D NO: 2. The NTD may have a
deletion, an msertion, or mutation of between about 1 and about 5 amino acids, between about 3
and about 10 aming acids, between about S and 10 amino acids, between about ® and 12 amino
acids, between about 10 and 15 amino acids, between about 12 and 17 arono acids, between about
15 and 20 amuno acids, between about 18 and 23 amino acids, between about 20 and 25 anuno
acids, between about 22 and about 27 amino acids, or between about 25 and 30 anuno acids as
compared to the NTD of SEGQ ID NGO 1 or SEQ IB NO: 2.

{0144] In embodiments, the CoV 5 polypeptides contain a deletion of one or more amino acids
from the N-terminal domam (NTD) {corresponding to amino acids 1-292 of SEQ ID NO: 2. In
embodiments, the CoV S polypeptides contan a deletion of up to about 10, 20, 30, 40, 530, 60, 70,
80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 230, 260, 270,
280, 290 or 292 amino acids of the NTD.

{0145] In embodiments, the CoV S polypeptides contain a deletion of one or more amino acids
from the NTE {corresponding to amino acids 1-318 of SEQ 1D NO: 2). In embodiments, the CoV
S polvpeptides contain a deletion of amino acids 1-318 of the NTD of SEQ ID NO: 2 In

embodiments, deletion of the NTD enhances protein expression of the CoV Spike {S) polypeptide.
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In embodiments, the CoV S polypeptides which have an NTD deletion have amino acid sequences
represented by SEQ D NOSK: 46, 48, 49, 51, 52, and 54. In embodiments, the CoV S polypeptides
which have an NTD deletion are encoded by an isolated nucleic acid sequence selected from the
group consisting of SEQ D NO: 47, SEQ 1D NOG: 50, and SEQ 1D NO: 53,

{0146} In embodiments, the NTD may coniain any combmation of modifications shown in
Table 1B. The modifications are shown with respect to SEQ ID NG 2, the mature 8 polypeptide

sequence for reference.

Table 1B
Modifications to NTD (SEQ ID NO: 118)
* amine acids 14-305 of SEQ 1D NQO: 1 and amine acids 1-292 of SEQID NG 2
Position | SEQID SEQID Modifications
within NG 2 NG 127
SEQID residue | or SEG D
N3: 1 NG: 45
residue
I8 5 5 = mitation to phenylalanine
®  mutation (o tyrosing
e muiation to ryptophan
19 6 6 e muiation to arginine
e mufation to lysing
s mutation to histidme
20 7 7 s mutation (o asparaging
= puilation to ghutamine
s mudation to isolevcine
e mutation to valine
26 13 13 e mutalion {o seringe
e mutation to threonine
H4 31 51 e mutation to hustidine
e mulation to lysing
s mutation o argiune
66 33 53 s  mutation to tryptophan
s puitation to tyrosing
+  mutation to phenvialanine
69 36 56 s Dieletion of amino acid
70 57 57 s Deletion of amino acid
e Mutation o phenylalanine
e  Mutation to tyrosing
e Mutation to irypiophan
75 62 62 e  Mutation to valine
s Mutation to leucine
#  Mutation to isoleucing
76 653 63 s Mutation to iscleucing
s Mutation to valine
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Mutation to leucing

mutation to alamne
mutation o glveine

mutation to beta branched amuno acid
mutation to isoleucine
muiation to valine

B B & (& & &

mation to fyrosing
mutation to phenylalanine
mutation {¢ ryptophan

mutation o aspartic acid
nmutation to ghutanuc acid

& @ | @ B

144 131 131 Deletion of amino acid

Mutation to serine

&

&

145 132 132 Deletion of gnuno acid
Mutation io histidine

Mutation to asparagine
Mutation to ghutamine

wmsertion of 1, 2, 3, or 4 amino acids after this position

& ©® B B8 &

146 133 133 Muttation to aromatic amine acid
Mutation to tyrosing
Mutation to phenylalanine

Mutation to tryptophan

3 & @& @

152 139 139 nnitation to cysteine
mutation to methioning
mutation io serine
mutation to threonine
mulation to argiing

& & @ B &

f—
(]
o
ot
s
L2
-
T
B
[
&

mutation to glveine
mutation to alanine

®

(4]
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B
S
oo
&
&

deletion of ammo acid

et
(]
o]
e
(4]
st
&

deletion of ammno acid

mutation to serine
mutation to threonine
mutation o cvsteine

213 200 200 mutation to valine
mutation to leucine
mutation to isoleucine

mutation to beta branched amuno acid

& @ B B |B B &

214 201 201 mutation o argiing
mtation to fysine

mutation to histidine

215 202 22 mutation to glveine

mation to alanine

222 209 209 muiation to valine
mutation 1o leucine

mutation to isoleucine

¢ |®@ ® BB 8B IB & &

N
R
-]
]
(e
o
™o
]
0

mutation to histidine
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s mutation to lysine
s mutation to argiine
243244 1 228.231 228-231 s deletion of 1, 2, 3, or 4 amino acids
246 233 233 s mtation to beta-branched amino acid
« mutation to isoleucine
e mufation to valine
e mutation to threonine
s mutation (o asparaging
247 234 234 e deletion of amino acid
248 233 235 e deletion of amino acid
249 236 236 e deletion of amino acid
250 237 237 e deletion of amino acid
251 238 23% e deletion of amino acid
252 239 239 ¢ deletion of amino acid
253 240 240 e mutation o ghycine
e deletion of amino acid
258 245 245 e muiation to isoleucme
e mufation to vahne
s putation to leucine
s mtation to beta branched amuno acid

Col/ § Polypeptide Antigens- Modifications to S1 subunit- RED

{3147} In embodiments, the CoV S polypeptides contain one or more modifications to the
RBD.

{0148] In embodiments, the RBD has an amino acid sequence of SEQ ID NO: 126, which
corresponds to aming acids 331-327 of SEQ ) NO: 1 or aming acids 318-514 of SEQ D3 NG: 2.
{8149} The amino acid sequence of the RBD (SEQ ID NO: 126) 15 shown below:
NITNLOPFGEVENATRFASYVY AWNRKRISNCVADYSVEYNSASFSTFRKCYGVSPTKLND
LOFTNVYADSEVIRGDEVROIAPGOTGKIADYNYKLPDDFTGCVIAWNSNNLESKYVGGN
YNYLYRLFRKSNLEPFERDISTEIYQAGS TPONGVEGEFNCYFPLOSYGFOPTNGVGYQPY
RVVVLSFELLHAPATVIGR

In embodiments, the RBD has an amino acid sequence of SEQ 1D NO: 116, which corresponds to
amino acids 335-530 of SEQ 1D NG: 1 or amino acids 322-517 of SEQ 1D NO: 2

[0150] The amino acid sequence of the RBD (SEQ 1D NQO: 116) 1s shown below.

LCPFGEVEFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCET
NVYADSFVIRGDEVROQIAPGOTGRIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNY
LYRUFRESNEKPFERDISTEIYOAGSTPONGVEGENCYFPLOSYGFQPTNGVGYUPYRVY
VLSFELLHAPATVCGPKKS
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{0151} In embodiments, an RBD as provided herein may be extended at the N-terminus or C-
terminus by up to 1 amino acid, up to 5 amino acids, up o 10 amino acids, up fo 15 amino acids,
up to 20 amuno acids, up to 25 amino acids, or up to 30 amino acids.

[0152]
least 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99.5 %, identity to

the RBD of SEQ ID NO: 1 or SEQ ID NO: 2. The RBD may have a deletion, an insertion, or

In embodiments, the CoV 8§ polypepiides described herein comprise a RBD with at

mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5, up to about
10, up to about 15, up to about 20, up to about 25, or up to about 30 amino acids compared to the
amino acid sequence of the RBD of SEQ ID NG: 1 or SEQ ID NGO: 2. The RBD may have a
deletion, an insertion, or mutation of between about 1 and about 5 amino acids, between about 3
and about 10 ammno acids, between about 3 and 10 amino acids, between about 8 and 12 ammo
acids, between about 10 and 15 amino acids, between about 12 and 17 amino acids, between about
15 and 20 ammo acids, between about 13 and 23 amuno acids, between about 20 and 25 ammno
acids, between about 22 and about 27 anuno acids, or between about 25 and 30 amino acids as
compared to the RBD of SEQ ID NG: | or SEQ ID NG: 2.

[0153] In embodiments, the CoV S polypeptide has at least ove, at least two, at least three, at
least four, at least four, at least 5, at least 6, at Jeast 7, at least 8, at least 9, at least 10, at least 11,
at feast 12, at least 13, at least 14, at least 15, at least 16, at least 17, at least 1R, at least 19, or at
least 20 mutations n the RBD. In embodiments, the RBD way contain any combination of
modifications as shown m Table 1C.

Table 1C

Modifications to RBD (SEQ 1D NO: 126)
* amino ackds 331-527 of SEQ 1D NG: 1 and anuno acids 318-514 of SEQ IDNG: 2

¢ B 8 B & @ | @ B

Position | Position Position Potential Modifications
within within within
SEQID | SEQID SEQID
NO: 1 NG 2 RO 126
346 333 16 mtation to lysine
mutation to arginine
mautation to histidine
417 404 87 mutation o asparaging

mutation to threonine
mutation to 1soleucine
mnitation 1o valine
muiation 1o sering
mutation to glotamine

o
(97}
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mutation to beta-branched amino acid
mutation to lysine
mlation to argiing
mutation to hustidine
mtation to lysine
muation 1o argioine
mutation o histidine
mutation to arginine
mutation to lysine
mutation to histidme
mtation to ghitamine
mutation {0 asparaging
mtation to phenylalanine
mutation to fryptophan
mutation o asparaging
mutation to glutamine
mutation to fysine
mutation o argiing
mutation to histidme
mutation to lysine
mlation to argiing
mtation to histidine
mutation to ghitamine
mulation o asparaging
mutation o serine
mutation to threoning
494 481 164 mutation to proline
301 438 171 e mutation to tyrosine

s mwtation to phenyvialanine
s mutation to rvptophan
CoV § Polypepride Antigens~- Modifications to 8131/2

432 419 102

439 426 109

¢ B BB & & &

.
]
2

440 123

477 464 147

484 471 154

¢ B B & & & & © | B I® BB 8 & & @

490 477 160

[

&

&

{0154] In embodiments, the CoV 8 polypeptides contain one or more modifications to the
SD1/2 domam having an amino acid sequence of SEQ ID NO: 122, which corresponds to anuno
acids 542-681 of SEQ ID NO: 1 or amuno acids 529-668 of SEQ ID NO: 2.

[0155] The amino acid sequence of the SD1/2 (SEQ 1D NG 122y domain 1s shown below.
NENGLTGTGVLTESNKKFLPFQOQFGRDIADTTDAVRDPOTLEILDITPUSFGGVSVITPGT
NTSNOQVAVLYQDVNCTEVPVATHADQLTPTWRVYSTGANVFOQTRAGCLIGAEHVNNSY
ECDIPIGAGICASYQTQTNSP

{0156] In embodiments, the CoV S polypeptides described herem comprise a SB1/2 domain
with at least 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99.5 %, identity

to the SD1/2 of SEQ 1 NG: 1 or SEQ H2 NO: 2. The SD1/2 domain may have a deletion, an
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msertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5,
up to about 10, up to about 15, up to about 20, up o about 25, or up to about 30 amino acids
compared to the amino acid sequence of the SD1/2 of SEQ ID NO: 1 or SEQID NG: 2. The SB1/2
domain may have a deletion, an insertion, or mutation of between about 1 and about 5 amino acids,
between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between about 8
and 12 amino acids, between about 10 and 15 amino acids, between about 12 and 17 amino acids,
between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about 20
and 25 amino acuds, between about 22 and about 27 amino acids, or between about 28 and 30
amino acids as compared to the SD1/2 domain of SEQ ID NO: 1 or SEQ ID NO: 2.

{6157} In embodiments, the CoV 8 polypeptide has at least one, at least two, at least three, at
least four, at least four, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11,
at feast 12, at least 13, at least 14, at least 15, at least 16, at least 17, at least 1R, at least 19, or at
least 20 mutations o the SD1/2 domam. In embodiments, the SD1/2 domain may contain any

combination of modifications as shown in Table 1D,

Table 1D
Meodifications to SD1/2 (SEQ ID NG: 122
* amino acids 542-681 of SEGQ ID NO: 1 or amino acids 529-668 of SEQ ID NO: 2
Position | Posifion Position Potential Modifications
within within within
SEQGID | SEQID SEQID
NG 1 NG: 2 NG: 122
570 357 29 s Mutation o aspartic acid
e Mutation to glutanuic acid
613 6500 630 «  Mutation to histiding
e Mutation to lysine
e  Mutation to arginine
614 601 73 e  Mutation to glveine
s  Mutation to alanine
655 642 1i4 s  Mutation to tyrosine
»  Mutation to phenylalanine
s Mutation (o tryptophan
677 664 6564 s Mutation o histidine
o81 668 140 s Mutation o histidine
= Mutation to lysine
e  Mutation to argmine

Cot’ § Polypeptide Antigens- Modificarions to Furin Cleavage Sive

[0158]
corresponds to amino acids 682-685 of SEQ ID NO: | or anuno acids 669-672 of SEQ 1D NG: 2,

In embodiments, the CoV S polypeptides contain a furin site {(RRAR), which

s
3
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that 1s tnactivated by one or more mutations. Inactivation of the furin cleavage site prevents furin
from cleaving the CoV § polypeptide. In embodiments, the CoV 8 polypeptides described herein
which contain an inactivated furin cleavage site are expressed as a single chamn.

{0159] In embodiments, one or more of the amino acids comprising the native furin cleavage
site 15 mutated to any natural amino acid. In embodiments, the aming acids are L-aming acids.
Non-limiting examples of amino acids include alanine, arginine, glycine, asparagine, aspartic acid,
cysteine, glutamine, glutamic acid, serine, threonine, histidine, Iysine, methionine, proline, valine,
isoleucine, leucine, tyrosine, tryptophan, and phenvialanine.

{3160} In embodiments, one or more of the amino acids comprising the native furin cleavage
site 15 mutated to glutamine In embodiments, 1, 2, 3, or 4 amino acids may be mutated to
glutanune. In embodiments, one of the arginines comprising the native furin cleavage site 1s
mutated to glutamine. In embodiments, two of the arginines comprising the native furnin cleavage
stte are mutated to glutanune. Tn embodiments, three of the arginines comprising the native furin
cleavage site are mutated to glutamine.

[0161] In embodiments, one or more of the amino acids comprising the native furin cleavage
site, 1s mutated to alanine. Tn embodiments, 1, 2, 3, or 4 amino acids may be mutated to alamne.
ernbodiments, one of the arginines comprising the native furin cleavage site 18 mutated to alanine.
In embodiments, two of the arginines comprising the native furin cleavage sute are mutated fo
alanine. In embodiments, three of the arginines comprising the native furin cleavage site are
mutated to alanime.

{08162] In embodiments, one or more of the amino acids i the native furin cleavage site 18
mutated to glycine In emboduments, 1, 2, 3, or 4 amino acids may be mutated to glyoine. In
embodiments, one of the argmnmes of the native furin cleavage site 15 mutated to glycine. In
embodiments, two of the arginmes in the native furin cleavage site are mutated to glvoine. In
embodiments, three of the argimines comprising the native furin cleavage site are mutated fo
glycine.

{0163] In embodiments, one or more of the amino acids in the native furin cleavage site, 13
nmutated to asparagine. For example 1, 2, 3, or 4 amino acids may be mutated to asparagine. In
embodiments, one of the arginines in the native furin cleavage site 1s mutated to asparagine. In
embodiments, two of the arginines in the native furin cleavage site are muiated to asparagine. In

embodiments, three of the arginines in the native furin cleavage site are mutated to asparagine.



WO 2022/203963 PCT/US2022/020974

{0164} Non-limiting examples of the amine acid sequences of the inactivated furin sites
contained within the CoV S polypeptides are found in Table 1E.

Table 1E

Amino Acid Sequence of Furin {leavage Site Active or Inactive Furin Cleavage Site
RRAR (SEQ ID NGO 6) Active
QOAGQ(SEQIDNO: 7) Inactive
QRAR(SEQID NGO 8 [nactive
ROAR (SEQIDNO: &) Inactive
RRAQ (SEQ D NO: 1 Inactive
QOAR(SEQIDNO: 11 Inactive
ROAQ (SEQID NG 12) Inactive
QRAG (SEQ IDNG: 13) Inactive
NNAN (SEQ ID NO: 14) Inactive
NRAR (SEQ ID NGO 15) {nactive
RNAR (SEQID NO: 16) Inactive
RRAN (SEQID NG 17) Inactive
NNAR (SEQ ID NG: 18) Inactive
RNAN (SEQ ID NO: 19} Inactive
NRAN (S8EQ ID NO: 20} Inactive
AAAASEQGIDNO: 21 Inactive
ARAR(SEQ ID NO: 22) Inactive
RAAR (SEQ ID N 23) Inactive
RRAA (SEQIDNO: 24) Inactive
AAAR SEQIDNG: 25) Inactive
RAAA (SEQ ID NG: 26} {nactive
ARAA (SEHQIDNG: 27) Inactive
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GGAG (SEQ ID NO: 28) Inactive
GRAR (SEQ IDNG: 29) Inactive
RGAR (SEQ D NGO 30) Inactive
RRAG (SEQIDNO: 31 Inactive
GGAR (AEQ D NO: 32 Inactive
RGAG (SEQ 1D NG: 33) Inactive
GRAG (SEQ ID NO: 34) {nactive
GSAS (SEQ 1D NO: 973 Inactive
GRGA(SEQIDNO: 11D Inactive

[0165] In embodiments, in lieu of an active furin cleavage site (SEQ D NO: 6) the CoV §
polypeptides described herein contain an mactivated furin cleavage site. In embodiments, the
amino acid sequence of the mactivated furin cleavage site 1s represented by any one of SEQ ID
NO: 7-34 or SEQ ID NO: 97, In embodiments, the amino acid sequence of the inactivated furin
cleavage site 15 QQAQ (SEQ ID NO: 7). In emboduments, the amwno acid sequence of the
mactivated furin cleavage site s GSAS (SEQ ID NO: 97). In embodiments, the aminge acid
sequence of the activated furin cleavage stte 1s GSGA (SEQ ID NO: 111}, In embodiments, the
anuno acid sequence of the inactivated furin cleavage site 1s GG, GGG (SEQ ID NG: 127), GGGG
(SEQ ID NG: 128), or GGGGG (SEQ ID NO: 129).

CoV § Polypepnide Antigens~ Modifications fo 82 subunit

{0166] Tn embodiments, the CoV § polypeptides contain one or more modifications to the 52
subunit having an anuno acid sequence of SEQ ID NO: 120, which corresponds to amino acids
686-1273 of SEQ 1D NO: 1 or amino acids 673-1260 of SEQ D NG 2.

[0167] The amino acid sequence of the 82 subonst (SEQ 1D NO: 120) 15 shown below.
SVASQSHAYTMSLGAENSVAYSNNSIAIPTNFTISVTITEILPYVSMTRTSVDCTMYICGDBST
ECSNLLLOYGSFCTQLNRALTGIAVEQDKNTQEVFAQVEQIYRKTPPIKDFGGENFSQILP
DPSKPSKRSFIEDLLFNKVTLADAGHFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDE
MIAQYTSALLAGTITSGWTFGAGAALQIPFAMOQMAYRFNGIGVTONVLYENGRLIANQF
NSAIGKIQDSLSSTASALGRKLODYVVNONAQALNTLVKGLESNFGAISSVLNDILSRLDBKY
EAEVOIDRLITGRLOSLOTYVTQOQLIRAAFIRASANLAATKMSECVLGOSKRVDFCGKG
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YHLMSFPOSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVENGTHWEY
TORNFYEPQUTTDNTFVSGNCDVVIGIVNNTVYDPLOPELDSFKEELDRKYFKNHTSPDY
DLGDISGINASVVNIQKFIDRLNEVAKNLNESLIDLQELGKYEQY I KWPWYITWLGFIAGLE
AIWVMVTIMLCCMTSCCSCLKGOCSCGSCCKFDEDDSEPVLKGYVRKLHYT

{0168} In embodiments, the CoV S polypeptides described herein comprise an 82 subunit with
at least 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99 5 %, identity to
the 82 subunit of SEQ ID NO: 1 or SEQ ID NG: 2. The $2 subunit may have a deletion, an
msertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5,
up to about 10, up to about 15, up to about 20, up to about 25, or up to about 30 amino acids
compared to the amino acid sequence of the 82 subunit of SEQ ID NG: 1 or SEQ 1D NO: 2. The
S2 subunit may have a deletion, an insertion, or mutation of between about 1 and about 5 amino
acids, between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between
about 8 and 12 amuno acids, between about 10 and 15 amino acids, between about 12 and 17 amwno
acids, between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about
20 and 25 ammo acids, between about 22 and about 27 anuno acids, or between about 25 and 30
amino acids as compared to the S2 subumt of SEQ ID NO: 1 or SEQ ID NO: 2.

{0169] In embodiments, the 52 subunit may contain any combination of modifications as
shown i Table 1F.

Table 1F

Modifications to S2 (SE{ 1D NG: 126)
* amino acids 686-1273 of SEQ 1D NO: 1 and anino acids 673-1260 of SEQ IDNO: 2

Position Position | Position Possible Modifications
within within within

SEQID SEQID | SEQID

NO: | N 2 NO:; 126
689-654 676-683 4-13 s Deletion of up to about 1, up to about 2, up to about 3,
up to about 4, up o about 5, up to about 6, up to about
7, up to about 8, up to about 9, or up to about 10 amino
acids

04 688 16

e Mutation to beta-branched amino acid
s Mutation to valme
s Mutation to 1soleucme
s Mutation io threonine
715-724 TO2-71 30-39 s Deletion of up to about 1, up to about 2, up to about 3,

up to abowt 4, up to about 3, up to abowt 6, up to about

(v
ot
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7, up to about 8, up to about 9, or up to about 10 avuno
acids

716 703 31 e  Mutation to beta-branched amino acid
e  Mutation to valing
s  Mutation to isoleucing
788-806 775793 103-121 s Deletion of up to about 1, up to about 2, up to about 3,
up to about 4, up o about 5, up to about 6, up o about
7, up o about 8, up to about 9, up to about 10, up to
about 11, up to about 12, up to abowt 13, up to about
14, up to about 15, up to about 16, up o about 17, up io
about 18, or up to about 19 anuno acids
819-82% 806-815 134-143 s Deletion of up to about 1, up to about 2, up to about 3,
up to about 4, up o about 5, up to about 6, up to about
7, up to about 8, up to about 9, or up to about 10 amino
acids
859 846 174 e Mutation to asparaging
s  Mutation to glutamine
8838 875 203 s Mutation to leucine
= Mutation to iscloucine
e Mutation to valine
950 937 265 e Mutation to asparagine
s  Mutation to glutamine
982 969 297 s Mutation to alanine
= Mutation to glycing
e Mutation to threonme
986 973 301 e  Mutation to proline
s  Mutation to glycine
987 974 362 »  Mutation to proline
s Mutation to glycine
1027 1014 342 e Mutation to 1soleucine
e  Mutation to valing
&  Mutation to sering
1671 1058 386 s Mutation to hustidine
e Mutation o argining
e Mutation to lysine
1118 1105 433 e Mutation to histiding
e  Mutation to lysine
s  Mutation to argining
»  Mutation to asparagine
+«  Mutation to glutamine

[V
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1176 1163 491 s  Mutation to phenylalanine
s Mutation to tyrosine
= Mutation to tryptophan

1214-1237 1201- 1-24 e Deletion of one or more anuno acids of T™M
1224
1238-1273 1225- 1-36 s Deletion of one or more amino acids of CD

1260

{0170] Tn embodiments, the CoV S polypeptides contain a deletion, corresponding to one or
more deletions within amino acids 676-685 of the native CoV Spike (8) polypeptide (SEQ ID NO:
2). Inembodiments, 1,2, 3,4, 5,6, 7, 8,9, or 10 ammo acids of amino acids 676-685 of the native
CoV Spike (8) polypeptide (SEQ 1D NO:2) are deleted. In embodiments, the deletions of amuno
acids within amino acids 676-683 are consecutive e g amino acids 676 and 677 are deleted or
aming acids 680 and 681 are deleted. In embodiments, the deletions of anuno acids within amino
acids 676-685 are non-consecutive e.g. amino acids 676 and 680 are deleted or anuno acids 677
and 682 are deleted. In embodiments, CoV 8 polypeptides containing a deletion, corresponding to
one or more deletions within anino acids 676-683, have an amuno acid sequence selected from the
group consisting of SEQ ID NG 62 and SEG ID NO: 63,

{8171} In embodiments, the CoV S polypeptides contain a deletion, corresponding to one or
more deletions within aming acids 702-711 of the native CoV Spike (8) polypeptide (SEQ 1D NO:
2). Inembodiments, 1,2, 3,4, 5,6, 7, 8, 9, or 10 amino acids of anuno acids 702-711 of the native
SARS-CoV-2 Spike (8) polypeptide (SEQ 1D NG 2y are deleted. In embodiments, the one or more
deletions of amino acids within amino acids 702-711 are consecutive e g. amino acids 702 and 703
are deleted or amino acids 708 and 709 are deleted. In embodiments, the deletions of amino acids
within amino acids 702-711 are non-consecutive e.g. amino acids 702 and 704 are deleted or amine
actds 707 and 710 are deleted. In embodiments, the CoV 8 polypeptides containing a deletion,
corresponding to one or more deletions within amino acids 702-711, have an amino acid sequence
selected from the group consisting of SEQ D NO: 64 and SEQ 1D NO: 65,

{6172} In embodiments, the CoV 8 polypeptides contain a deletion, corresponding to one or
more deletions within amingo acids 775-793 of the native CoV 5 polypeptide (SEQ ID NG 2). In
embodiments, up to about 1, 2, 3,4, 5, 6,7, 8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, or 19 amino
actds of amino acids 773-793 of the native SARS-CoV-2 Spike (S) polypeptide (SEQ ID NO:2)

are deleted. In embodiments, the one or more deletions of amino acids within amino acids 775-

(4]
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793 are consecutive eg. amino acids 776 and 777 are deleted or aminoe acids 780 and 781 are
deleted. In embodiments, the deletions of amino acids within amino acids 775-793 are non-
consecutive e.g. amino acids 775 and 790 are deleted or anuno acids 777 and 781 are deleted.
{0173] In embodiments, the CoV S polypeptides contamn a deletion of the fusion peptide (SEQ
1D NO: 104), which corresponds to amino acids 06-815 of SEQ ID NO: 2. In embodiments, 1, 2,
3,4,5 6,7, 8,9 or 10 amino acids of the fusion peptide of the CoV Spike {8} polypeptide (SEQ
ID NG:2) are deleted. In embodiments, the deletions of amino acids within the fusion peptide are
consecutive e.g. amino acids 806 and 807 are deleted or amino acids 809 and 810 are deleted. In
embodiments, the deletions of amino acids within the fusion peptide are non-consecutive e.g.
amine acids 806 and 808 are deleted or amino acids 810 and 813 are deleted. In embodiments, the
CoV 8 polypeptides containing a deletion, corresponding to one or more amino acids of the fusion
peptide, bave an amino acid sequence selected from SEQ ID NGS: 66, 77, and 105-108.

[0174] Tn embodiments, the CoV 8 polypeptides contain a routation at Lys~-973 of the native
CoV Spike {S) polypeptide (SEQ 1D NO: 2). In embodiments, Lys-973 15 mutated to any natural
aroino acid. In embodiments, Lys-973 1s mutated to proline. Tn embodiments, Lys-973 i3 mutated
to glycine. In emboduments, the CoV S polypeptides containing a mutation at amioo acid 973 are
selected from the group consisting of SEQ ID NQ: 84-89, 105-106, and 109-110.

[0175] In embodiments, the CoV S polypeptides contain a mutation at Val-974 of the native
CoV Spike (8) polypeptide (SEQ ID NO: 2). In emboduments, Val-974 s mutated to any natural
amino acid. In embodiments, Val-974 1s mutated to proline. In embodiments, Val-974 1s mutated
to glycine. In embodiments, the CoV S polypeptides containing a mutation at aming acid 974 are
selected from the group consisting of SEQ 1D NG 84-89, 105-106, and 109-110.

{08176] In embodiments, the CoV 8 polypeptides contain 3 mutation at Lys-973 and Val-974
of the native CoV Spike (5) polypeptide (SEQ ID NG: 2). In embodiments, Lys-973 and Val-974
are mutated to any natural amino acid. In embodiments, Lys-973 and Val-974 are mutated to
profine. In embodiments, the CoV § polypeptides containing a mutation at amino acids 973 and
974 are selected from SEQ ID NOS: 84-89, 105-106, and 109-110.

Col’ 8 Polvpeptide Antigens- Modifications to 82 subunit- HRI Domain

{0177} In embodiments, the CoV 8 polypeptides contain one or more modifications to the HR1
domain having an amino acid sequence of SEQ 1D NG: 119, which corresponds to amino acids

912-984 of SEQ I NO: 1 or amino acids 889-971 of SEQ 1D NOG: 2.

(v
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{0178} The amino acid sequence of the HRI domain (SEQ 1D NO: 119} is shown below.
MAYRFNGIGVTONVLYENOQRKLIANQFNSAIGKIQDSLSSTASALGKELOQDVYNGNAQALN
TLVKQLSSNFGAISSVENDILSRL

{6179] In embodiments, the CoV 8 polypeptides described herein comprise an HR1 domain
with at least 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99.5 %, identity
to the HR1 domain of SEQ ID NO: 1 or SEQ ID NO: 2. The HR1 domain may have a deletion,
an insertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about
S, up to about 10, up to about 15, up to about 20, up to about 25, or up to about 30 amino acids
compared to the amino acid sequence of the HR1 domain of SEQ ID NO: T or SEQ ID NO: 2. The
HR1 domain may have a deletion, an msertion, or mutation of between about 1 and about 5 amino
acids, between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between
about § and 12 amino acids, betwsen gbhout 10 and 15 ammno acids, between about 12 and 17 amino
acids, between about 15 and 20 amino acids, between about 18 and 23 amuno acids, between about
20 and 25 amuno acids, between about 22 and about 27 arnmo acids, or between about 25 and 30
aroino acids as compared to the HR1 domain of SEQ ID NO: 1 or SEQ ID NO: 2.

{(186] In embodiments, the HR1 domain may contain any combination of modifications as

shown tin Table 1G

Table 1G

Modifications to HRI (SEQ ID NG: 119)
* amino acids 912-584 of SEQ 1D NO: 1 and amino acids 889-971 of SEQ 1D NGO 2)
Position Position Position Possible Modifications

within within SEQ within
SEQID fBNG:2 SEQID
NG 1 NO: 1192

982 969 81 e Mhgation to alanme

e Mutation fo glyeine
e Mutation to threomne

CoV 8 Polypeptide Antigens- Modifications 1o 82 subunit- HR2 Domain
[0181] In embodiments, the CoV § polypeptides contain one or more modifications to the HR2
domain having an amino acid sequence of SEQ 1D NGO 125, which corresponds to amino acids

1163-1213 of SEQ ID NG 1 or amnoe acids 1150-1200 of SEQ 1D NG: 2.

(4]
(9]
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{0182} The amino acid sequence of the HR2 domain (SEQ 1D NO: 125} is shown below.
DYDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLOELGKYEQYIKWEP

{0183} In embodiments, the CoV 8 polypeptides described herein comprise an HR2 domain
with at least 95%, at least 96 %, at least 97%, at least 98 %, at least 99%, or at least 99.5 %, identity
to the HR2 domain of SEQ ID NO: 1 or SEQ 1D NO: 2. The HR2 domain may have a deletion,
an insertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about
5, up to about 10, up to about 15, up to about 20, up to about 25, or up to about 30 amino acids
compared to the amino acid sequence of the HR2 domain of SEGID NG: 1 or SEQ ID NO: 2. The
HR2 domain may have a deletion, an insertion, or mutation of between about 1 and about 5 amino
acids, between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between
about 8 and 12 amino acids, between about 10 and 15 amino acids, between about 12 and 17 amino
acids, between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about
20 and 25 amino acids, between about 22 and about 27 amino acids, or between about 25 and 30
amino acids as compared to the HR2 domain of SEQ ID NG: | or SEQID NG: 2.

Col/ 8 Polypeptide Antigens- Modifications to the TM domain

{0184] In embodiments, the CoV 8 polypeptides contain one or muore modifications to the T™M
domain having an amino acid sequence of SEQ 1D NG 123, which corresponds to amino acids
1214-1237 of SEQ ID NO: 1 or amono acids 1201-1224 of SEQ ID NG: 2.

{0185] The anuno acid sequence of the TM domain (SEQ ID NO: 123) 15 shown below.
WYIWLGFIAGLIAIVMVYTIMLOCOM

{0186] In embodiments, the CoV 8 polypeptides described herein comprise 3 TM domain with
at least 95%, at least 96 %, at least 97%, at least 98 Y%, at least 99%, or at least 99.5 %, identity to
the T™ domain of SEQ ID NO: 1 or SEQ ID NGO 20 The T™ domain may have a deletion, an
meertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5,
up to about 10, up to about 15, up to about 20, up to about 25, or up to about 30 amino acids
compared to the amino acid sequence of the T™M domain of SEQ 1D NG: 1 or SEQ 1D NG: 2. The
T™M domamn may have a deletion, an msertion, or mutation of between about 1 and about 5 amino
acids, between about 3 and about 10 amino acids, between about 5 and 10 amino acids, between
about 8 and 12 amino acids, between about 10 and 15 amino acids, between about 12 and 17 amino

acids, between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about
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20 and 25 amino acids, between about 22 and about 27 amino acids, or between about 25 and 30
amino acids as compared to the T™M domain of SEQ ID NO: 1 or SEQ ID NG: 2.

{0187} In embodiments, the CoV § polypeptides described herein lack the entire T™ domain.
In embodiments, the CoV S polypeptides comprise the T™M domain,

Col/ § Polvpeptide Antigens- Modifications o the CT

{0188] In embodiments, the CoV § polypeptides contain one or more modifications to the CT
having an amino acid sequence of SEQ ID NO: 124, which corresponds to amino acids 1238-1273
of SEQ ID NO: 1 or amino acids 1225-1260 of SEQ ID NO: 2.

{0189} The anuno actd sequence of the CT (SEQ ID NG 124) 1s shown below:
TSCCSCLKGUCSCGSCCKFDEDDSEPVLKGYVKLHYT

{0190} In embodiments, the CoV § polypeptides described herein comprise a CT with at least
95%, at least 96 Y%, at least 97%, at least 98 %, at least 99%, or at least 99.5 %, identity to the CT
of SEQ I3 NG: 1 or SEQ 113 NOG: 2. The CT may bave a deletion, an msertion, or mutation of up
to about 1, up to about 2, up to about 3, up to about 4, up to about 5, up to about 10, up to about
15, up to about 20, up to about 25, or up to about 30 amino acids compared to the amino acid
sequence of the CT of SEQ ID NO: | or SEQ ID NO: 2. The CT may bhave a deletion, au insertion,
or mutation of between about 1 and about 5 ammno acids, between about 3 and about 10 ammno
acids, between about S and 10 amino acids, between gbout 8 and 12 amuno acids, between about
10 and 15 ammo acids, between about 12 and 17 amuno acids, between about 15 and 20 ammno
acids, between about 18 and 23 amino acids, between about 20 and 25 amino acids, between about
22 and about 27 amino acids, or between about 25 and 30 amino acids as compared to the CT of
SEQ ID NG 1 or SEQ ID NG: 2.

{0191] In embodiments, the CoV S polypeptides described herein lack a CT. In embodiments,
the CoV 8 polypeptides comprise the CT.

{06192] In embodiments, the CoV § polypeptides comprise a TM and 2 CT. In embodiments,
the CoV Spike (8) polypeptides contain a deletion of one or more amino acids from the
transmembrane and cytoplasmic tail (TMCT) (corresponding to amino acids 1201-1260). The
amino acid sequence of the TMCT s represented by SEQ D NO: 39. In embodiments, the CoV S
polypeptides which have a deletion of one or more residues of the TMCT have enhanced protein
expression. In embodiments, the CoV Spike (8} polypeptides which have one or more deletions

from the TMCT have an amino acid sequence selected from the group consisting of SEQ 1D NO:

(51
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40, 41, 42, 52, 54, 59, 61, 88, and 82 In embodiments, the CoV § polypeptides which have one or
more deletions from the TM-CD are encoded by an isolated nucleic acid sequence selected from
the group consisting of SEQ ID NO: 39, 43, 53, and 60,

Col § Polypeptide Antigens- Non-Limiting Combinations of Mutations

{0193} In embodiments, the CoV § polvpeptides contain a deletion of amino acids 56 and 57
of the native CoV Spike (8} polypeptide (SEQ 1D NO: 2).

{0194} In embodiments, the CoV 8 polypeptides contain deletions of amino acids 131 and 132
of the native CoV Spike (8} polypeptide (SEQ 1D NO: 2).

[0195] In embodiments, the CoV S polypeptides contain a deletion of amino acids 56 and 131
of the native CoV Spike (5) polypeptide (SEQ ID NO: 2}, In embodiments, the CoV S polypeptides
contain a deletion of amino acids 57 and 131 of the native CoV Spike (S} polypeptide (SEQ 1D
NO: 2).

[0196] In embodiments, the CoV S polypeptides contaim a deletion of amino acids 56, 37, and
131 of the native CoV Spike (S) polypeptide (SEQ ID NO: 2),

[0197] In embodiments, the CoV S polypeptides contaim a deletion of amino acids 56 and 132
of the native CoV Spike (8) polypeptide (SEQ 1D NO: 2).

[019§] In embodiments, the CoV S polypeptides contaim a deletion of amino acids 37 and 132
of the native CoV Spike (K8) polypeptide (SEQ 1D NO: 2.

[0199] In embodiments, the CoV S polypeptides contaim a deletion of amino acids 56, 37, and
132 of the native CoV Spike (8} polypeptide (SEQ 1B NG: 2).

{0200] In embodiments, the CoV S polypeptides contain a deletion of amuno acids 56, 87, 131,
and 132 of the native CoV Spike (8) polypeptide (SEQ ID NO: 23

{0201] In embodiments, the CoV S polypeptides contain mutations that stabilize the prefusion
conformation of the CoV S polypeptide. In embodiments, the CoV S polypeptides contain proline
or glycine substitutions which stabilize the prefuston conformation. Thus strategy has been utilized
for to develop a prefusion stabilized MERS-CoV § protein as described in the following
documents which are each incorporated by reference herein in thewr entivety: Proc Natl Acad Sai
USA. 2017 Aug 29;114(35):E7348-E7357; Sci Rep. 2018 Oct 24;8(11:15701; U.5. Publication
No. 2020/0061185; and PCT Application No. PCT/URZ017/058370.

{0202} In embodiments, the CoV S polypeptides contain a mutation at Lys-973 and Val-974

and an nactivated furin cleavage site. In embodiments, the CoV 8 polypeptides contain mutations
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of Lys-973 and Val-974 to proline and an inactivated furin cleavage site, having the amino acid
sequence of QAQ (SEQ ID NO: 7y or GSAS (SEQ ID NG: 90} An exemplary CoV S polypeptide
containing a mutation at Lys-973 and Vai-974 and an inactivated furin cleavage site is depicted in
Fig. 8. In embodiments, the CoV S polypeptides containing mutations of Lys-973 and Val-974 to
proline and an inactivated funin cleavage stte have an amino acid sequences of SEQ ID NOS: 86
or 87 and a nucleic acid sequence of SEQ ID NO: 96

{0203} In embodiments, the CoV § polypeptides contain a mutation at Lys-973 and Val-974,
an inactivated furin cleavage site, and a deletion of one or more aming acids of the fusion peptide.
In embodiments, the CoV 8 polypeptides contain mutations of Lys-973 and Val-974 to proline, an
mactivated furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NG: 7) or GSAS
(SEQ ID NGO 96), and deletion of one or more amino acids of the fusion peptide. In embodiments,
the CoV S polypeptides containing mutations of Lys-973 and Val-974 to prohine, an mactivated
furin cleavage site, and deletion of one or more amuno acids of the fusion peptide having an ammno
acid sequence of SEQ ID NO: 105 or 106, In erbodiments, the CoV S polypeptide contains a
mutation of Leu-5 to phenvlalanine, mutation of Thr-7 o asparagine, routation of Pro-13 1o serine,
mutation of Asp-125 to tyrosine, mutation of Arg-177 to serine, mutation of Lys-404 to threonine,
mutation of Glu~471 to lysine, mutation of Asn-488 1o tyrosine, mutation of His-642 to tyrosine,
mutation of Thr-1014 to isoleucine, mutations of Lys-973 and Val-974 to proline, and an
mactivated furin cleavage site having the aroino acid sequence of QUAQ (SEQ ID NO: 7) or GRAS
(SEQ ID NO: 96} relative to the native CoV Spike (8) polvpeptide (SEQ ID NGO 2}

{0204] In embodiments, the CoV S polypeptide contains a mutation of Trp-139 {0 cysteine,
mutation of Leu-439 to arginme, mutations of Lys-973 and Val-974 to proline, and an mactivated
furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NO: 7y or GSAS (REQ ID
N{O: 96} relative to the native CoV Spike (8) polypeptide (SEQ 1D NG 2). In embodiments, the
CoV S polypeptide contams a mutation of Trp-152 to cysteine, mutation of Leu-452 to arginine,
mutation of Ser-13 to soleucine, mutations of Lys-986 and Val-987 to proline, and an inactivated
furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NO: 7y or GSAS (REQ ID
NG 96} relative to the native CoV Spike (8) polyvpeptide (SEQ ID NO: 1)

{0205] In embodiments, the CoV § polypeptide contains a mutation of Lys-404 to threonine
or asparagine, mutation of Glu-471 to lysine, nmutation of Asn-488 (o tyrosine, mutation of Leu-5

to phenylalanine, mutation of Asp-67 to alaning, mutation of Asp-202 to glycine, deletion of one
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or more of amino acids 229-231, mutation of Arg-233 to isoleucine, mutations of Lys-973 and
Val-974 to proline, and an mactivated funin cleavage site having the amino acid sequence of
QOAQ (SEGQ ID NO: 73 or GSAS (SEQ ID NG 96) relative to the native CoV Spike {5)
polypeptide (SEQ 1D NO: 2).

10206} In embodiments, the CoV § polypeptide contains a mutation of Asn-488 to tyrosing,
mutations of Lys-973 and Val-974 to proline, and an 1nactivated furin cleavage site having the
amino acid sequence of QQAQ (SEQ D NO: 7) or GSAS (SEQ D NO: 96) relative to the native
CoV Spike (8) polypeptide (SEQ 1D NO: 2). In embodiments, the CoV 8 polypeptide having a
mutation of Asn-488 to tyrosine, mutations of Lys-973 and Val-974 to proline, and an mactivated
furin cleavage site having the anuno acid sequence of QQAQ (SEQ 1D NO: 7) or GSAS (SEGQ 1D
NO: 96) comprises an amino acid sequence of SEQ ID NG 112,

{0207} In embodiments, the CoV § polypeptide contains a routation of Asp-601 to glycine, a
mutation of Asn-4838 to tyrosine, mutations of Lys-973 and Val-974 to proline, and an mactivated
furin cleavage site having the anuno acid sequence of QQAQ (SEQ ID NO: 7) or GSAS (SEQ ID
NG 96) relative to the native CoV Spike (S) polypeptide (SEQ ID NOG: 2} In emboduments, the
CoV 8 polypeptide having a mutation of Asn-488 to tyrosine, mutations of Lys-973 and Val-974
to proline, and an mactivated furin cleavage site having the amino acid sequence of QOQAQ (SEQ
1D NO: 7) or GSAS (8EQ ID NO: 96) comprises an anuno acid sequence of SEQ TD NO: 113,
[0208] Tn embodiments, the CoV 5 polypeptide contains deletion of anuno acids 56, 57, and
131, mutation of Asn-488 to tyrosine, a mutation of Ala-557 to aspartate, mutation of Asp-601 1o
glycine, mutation of Pro-668 to histidine, mutation of Thr-703 to 1soleucine, mutation of Ser-969
to alanine, mutation of Asp-1105 to histidine, mutations of Lys-973 and Val-974 to proline, and
an wactivated furin cleavage site having the amino acid sequence of QQAQ {SEQ 1D NO:
73,GSAS (SEQ ID NO: 96}, or GG relative to the native CoV Spike (S) polypeptide (SEQ 1D N
2). In embodiments, the CoV S polypeptide having deletion of ammo acids 56, 57, and 131,
mutation of Asn-488 to tyrosing, a mutation of Ala-557 to aspariate, mutation of Asp-601 to
glycine, mutation of Pro-668 to histidine, mutation of Thr-703 to 1soleucine, mutation of Ser-969
to alanine, mutation of Asp-1105 to histidine, mutations of Lys-973 and Val-974 to profine, and
an inactivated furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NO: 7T or
GSAS (SEQ [P NO: 96) comprises an amino acid sequence of SEQ 1D NG: 114 In embodiments,

the CoV § polypeptide having deletion of amino acids 56, 57, and 131, mutation of Asn-488 o
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tyrosing, a mutation of Ala-557 to aspartate, mutation of Asp-601 to glycine, mutation of Pro-668
to histidine, mutation of Thr-703 to soleucine, mutation of Ser-969 to alanine, mutation of Asp-
1105 to histidine, mutations of Lys-973 and Val-974 to proline, and an inactivated furin cleavage
stte having the amino acid sequence of QQAQ (SEQ ID NO: 7) or GSAS (SEQ ID NG: 96) or GG
comprises an amino acid sequence of SEQ 1D NGO 136, In embodiments, the CoV § polypeptide
having deletion of amineo acids 36, 57, and 131, mutation of Asn-48R to tyrosine, a mutation of
Ala-557 to aspartate, mutation of Asp-601 to glycine, mutation of Pro-668 to histidine, mutation
of Thr-703 to isoleucine, mutation of Ser-969 to alanine, mutation of Asp-1105 to histidine,
mutations of Lys-973 and Val-974 to proline, and an inactivated furin cleavage site having the
amino acid sequence of GG comprises an anuino acid sequence of SEQ 1D NO: 137 or SEQ ID
NO: 138, In some embodiments, the CoV S polypeptide having an amino acid sequence of SEQ
I3 NQ: 114 or SEQ ID NG: 136 15 encoded by a nucleic acid having a nucleic acid sequence of
SEQ ID NG: 135 In some embodiments, the CoV S polypeptide having an ammo acid sequence
of SEG ID NO: 137 or SEQ ID NO: 138 15 encoded by a nucleic acid having a sequence of SEQ
ID NG 139,

{0209] In embodunents, the CoV S polypeptide contains deletion of ammo acids 56, 57, and
132, mutation of Asn-488 to tyrosine, a mutation of Ala-357 to aspartate, mutation ot Asp-601 to
glycine, mutation of Pro-668 to hustidine, mutation of The-703 to isoleucine, mutation of Ser-969
to alarune, mutation of Asp-110S$ to histidine, mutations of Lys-973 and Val-974 to proline, and
an mactivated furin cleavage site having the ammno acid sequence of QQAQ (SEQ ID NO: 73 or
GSAS (REQ 1D NOn 96 relative to the native CoV Spike {S) polypeptide (SEQ ID NG: 2). In
embodiments, the CoV 8 polypeptide having a deletion of amuino acids 56, 37, and 132, mutation
of Asn-438 {o tyrosing, a mutation of Ala-357 to aspartate, mutation of Asp-601 to glycmne,
mutation of Pro-668 to histidine, mutation of Thr-703 o 1soleucine, mutation of Ser-969 to alanine,
mutation of Asp-1103 to histidine, mutations of Lys-973 and Vai-974 to prohine, and an mactivated
furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NO: 7) or GRAS (SEQ 1D
NQ: 96) comprises an amino acid sequence of SEQ ID NO: 114,

{0210} In embodiments, the CoV § polypeptide contains mutation of Asn-488 to tyrosine,
mutation of Asp-67 to alanine, mutation of Leu-229 to histidine, nmustation of Asp-202 to glycine,
mutation of Lys-404 to asparagine, mutation of Glu-471 to lysine, mutation of Ala-688 to valine,

mutation of Asp-601 to glycine, mutations of Lys-973 and Val-974 to proline, and an inactivated

61



WO 2022/203963 PCT/US2022/020974

furin cleavage site having the amino acid sequence of QQAQ (SEQ ID NO: 7) or GRAS (SEQ D
NQ: 96} relative to the native CoV Spike {8} polypeptide (SEQ ID NO: 2}, In embodiments, the
CoV S polypeptide having a mutation of Asn-488 to tyrosine, mutation of Asp-07 to alanine,
mutation of Leu-229 to histidine, mutation of Asp-202 to glycine, mutation of Lys-404 to
asparagine, mutation of Ghi-471 to lysine, mutation of Ala-688 to valine, mutation of Asp-601 to
elycine, mutations of Lys-973 and Val-974 to proline, and an inactivated furin cleavage site having
the amino acid sequence of QUQAG (SEQ ID NO: 7y or GSAS (SEQ ID NG 96) comprises an
amino acid sequence of SEQ 1D NO: 115

{0211} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, V974P, an wnactivated furin cleavage site, deletions of amino acid 36, deletion of
amino acid 57, deletion of amino acid 131, N4A8SY, AS57D, D6OIG, Poo8H, T703L, S969A, and
D1105H, wherein the anuno acids are numbered with respect to a CoV S polypeptide having an
aroino actd sequence of SEQ 1D NO: 2. In embodiments, the nactivated furnin cleavage site has
the amino acid sequence of QQAQ (SEQ ID NO: 7). In embodiments, the mactivated furin
cleavage site has the amuno acid sequence of GG

{0212] In embodunents, the CoV S polypeptide contamns one or more modifications selected
from: K973P, VO74P, an mactivated funin cleavage site, D6TA, D202G, L229H, K404N, E471K,
N4ARRY, DOOIG, and AGEEV, wherein the ammo acids are numobered with respect to a CoV S
polypeptide having an amino acid sequence of SEQ 1D NO: 2. In embodiments, the inactivated
furin cleavage site has the amino acid sequence of QUAQ (SEQ ID NG 7). In embodiments, the
mactivated furin cleavage site has the ammo acid sequence of GG

{0213] In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, V974P, an mactivated furin cleavage stte, deletion of amine acids 229-231, DO7A,
D3202G, K404N, B471K, N48&RY, D601, and AGERY, wherein the aminoe acids are numbered
with respect to a8 CoV 8 polypeptide having an amino acid sequence of SEQ ID NG 2.

{0214} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, VO74P, an nactivated furmn cleavage site having the anmino acid sequence of QQAQ
(SEQ I3 NOG: 7), deletion of aming acids 229-231, LSF, D6T7A, D202G, K404N, 471K, N48RY,
D601G, and AGS8Y, wherein the amino acids are numbered with respect to a CoV 8 polypeptide
having an amino acid sequence of SEQ 1D NG: 2. In embodiments, the CoV S polypeptide having

one or more modifications selected from K973P, V74P, an inactivated furin cleavage site having
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the aming acid sequence of QQAQ (SEQ 1D NO: 7}, deletion of amino acids 229-231, L5F, D6TA,
202G, K404N, B471K, N4BRY, Do01G, and A688Y, wherein the aming acids are numbered
with respect to a CoV 8 polypeptide having an amino acid sequence of SEQ D NO: 2 comprises
the amino acid sequence of SEQ 1D NO: 144, In embodiments, the CoV 5§ polypeptide having the
amino acid sequence of SEQ 1D NG: 144 15 encoded by a nucleic acid having a sequence of SE(}
D NO: 145,

{0215} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, V974P, an nactivated furim cleavage site having the amino acid sequence of GG,
deletion of amino acids 229-231, L5F, DGTA, D202G, K404N, E471K, N48RY, DaO1G, and
AGRRY, wherein the amino acids are numbered with respect to a CoV S polypeptide having an
amino acid sequence of SEQ D NG: 2. In embodiments, the CoV S polypeptide having one or
more maodifications selected from K973P, VO74P, an inactivated furin cleavage site having the
aroino acid sequence of GG, deletion of anuno acids 229-231, LAF, D6TA, D202G, K404N,
E471K, N4BRY, DOUIG, and A688Y, wheremn the amino acids are numbered with respect to a
CoV 8§ polypeptide having an anuno acid sequence of SEQ ID NO: 2 comprises the amno acid
sequence of SEQ ID NO: 144, In embodimoents, the CoV 8 polypeptide having the amino aad
sequence of SEQ ID NO: 144 13 encoded by a nucleic acid having a sequence of SEQ ID NO: 145,
{0216} In emboduments, the CoV S polypeptide contains one or more modifications selected
from: K973P, VO74P, an inactivated furin cleavage site, LSF, TTN, P13S, DI2SY, R177S, K404T,
E471K, N483Y, Del1G, Ho42Y, Ti0141, and V1163F, wherein the amino acids are numbered
with respect to a CoV S polypeptide having an amino acid sequence of SEQ ID NGO 2. In
embodiments, the CoV S polypeptide contaming one or more modifications selected from: K973P,
V974P, an inactivated furin cleavage site, LSF, TN, P138, D125Y, RI778, K404T, F4TIK,
N48RY, Do0liG, HedZY, TI10141, and V1163F, wherein the amino acids are numbered with
respect to a CoV S polypeptide having an amino acid sequence of SEQ ID NO: 2, has an ammno
acid sequence of SEQ I NO: 151, In embodiments, the CoV § polypeptide having an amino acid
sequence of SEQ ID NGO 151 13 encoded by a nucleic acid having a sequence of SEQ ID NG: 150,
{0217} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, V974P, an mmactivated furin cleavage site, deletion of amino acids 229-231, L5F,

DO7A, D202G, L229H, K404N, E471K, N488Y, D601, and AG88Y, wherein the anuno acids
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are numbered with respect to a CoV N polypeptide having an amino acid sequence of SEQ 1D NO:
2.

{0218} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973P, V974P, an mactivated furnin cleavage site, K404N, 471K, N48SY, L5F, DO7A,
02026, L229H, D601G, A688VY, and deletion of amine acids 229-231, wherein the amino acids
are numbered with respect to a CoV 8 polypeptide having an amino acid sequence of SEQ ID NO:
2. In embodiments, the inactivated furin cleavage site has the amino acid sequence of QQAQ (SEQ
1D NO: 7). In embodiments, the inactivated furin cleavage site has the amino acid sequence of GG
{0219} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973, VO74P, an mnactivated furin cleavage site, K404N, E471K| and N488K wherein the
amino acids are numbered with respect to a CoV 8 polypeptide having an amino acid sequence of
SEQ 1D NG: 2. In embodiments, the CoV S polypeptide contains one or more modifications
selected from: K973P, VO74P, an mactivated furin cleavage site, K404N, E471K, and N488Y. In
embodiments, the CoV S polypeptide 1s the RBD of the CoV S polypeptide having one or more
modifications selected from K973, V974P, an mactivated furin cleavage sute, K404N, H471K,
and N488K wherein the amwmno acids are numbered with respect to a CoV 8§ polypeptide having an
aroino acid sequence of SEQ ID NO: 2. In embodiments, the CoV S polypeptide 15 the RBD of the
CoV S polypeptide having one or more modifications selected from K973P, VO74P, an mactivated
furin cleavage site, K404N, H471K, and N488Y wherein the amino acids are numbered with
respect to a CoV 8 polypeptide having an amino acid sequence of SEQ ID NGO 2.

{0220] In embodiments, the CoV § polypeptide contains one or more modifications selected
from: K973P, VO74P, an mactivated funn cleavage site having the amino acid sequence of GG,
D6e01G, E404N, E471K, and N4B88Y. In embodiments, the CoV S polypeptide contains one or
more modifications selected from: K973P, VO74P, an nactivated furin cleavage site having the
ammo acid sequence of GG, and a DOCIG mutation, wherein the aming acids are numbered with
respecttoa CoV 8 polypeptide having an amino acid sequence of SEQ 1D NO: 2. In embodiments,
the CoV S polypeptide contaning modifications selected from: KO73P, V974P, an wnactivated
furin cleavage site having the amino acid sequence of G, and a D601 mutation has an amino
acid sequence of SEQ ID NG 133

{0221} In embodiments, the CoV S polypeptide contains one or more modifications selected

from: KO73P, V974P, an mactivated furin cleavage site, optionally wherein the inactivated furin
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cleavage site is QUAQ (SEQ ID NO: 7} or GG, K404N, E471K, N488K, D6TA, D224, L229H,
D601G, and AGS8Y, wherein the amino acids are numbered with respect to a CoV 8 polypeptide
having an amino acid sequence of SEQ ID NGO 2. In embodiments, the CoV S polypeptide
containing one or more modifications selected from: K973P, V974P, an inactivated funn cleavage
site, optionally wherein the inactivated furin cleavage site 1s QQAQ {(SEQ ID NG: 7) or GG,
K404N, E471K, N488K, D6TA, D202G, L22%H, D601G, and AGB8Y has an amino acid sequence
of SEG ID NO: 132 or SEQ ID NQO: 141 In embodiments, the CoV S polypeptide having an amino
acid sequence of SEQ 1D NO: 132 15 encoded by a nucleic acid having a nucleic acid sequence of
SEQ D NQ: 131, In embodiments, the CoV S polypeptide having an amine acid sequence of SEQ
1D NO: 132 15 encoded by a nucleic acid having a nucleic acid sequence of SEQ D NO: 142,
{0222} In embodiments, the CoV 8 polypeptide contains one or more modifications selected
from: K973P, V974P, an ivactivated furin cleavage site, W139C and 1439R, wherein the anuno
acids are numbered with respect to a CoV 8§ polypeptide having an amino acid sequence of SEQ
1D NG: 2. In embodiments, the CoV S polypeptide comprising K973P, VO74P, an mmactivated furin
cleavage site, WI39C and L439R modifications is expressed with a signal peptide having anammo
acid sequence of SEQ 1D NO: 117 or SEQ ID NO: 5. Tn embodiments, the CoV S polypeptude
comprises one ot more modifications selected from: K973P, VOT74P, an mactivated furin cleavage
site, DOO1G, W139C, and L439R, wherein the amwno acids are numbered with respect to a CoV S
polypeptide baving an ammo acid sequence of SEQ ID NO: 2. In embodiments, the CoV §
polypeptide comprises K973, V974P, an mactivated funin cleavage site, BO01G, Wi39(, and
LA439R modifications and 1s expressed with a signal peptide having an amuno acid sequence of
SEQ ID NO: 117 or SEQ ID NO: 5.

{0223] In embodiments, the CoV S polvpeptide comprises one or more modifications selected
from: KO73F, V974P, an mactivated furin cleavage site, DG G, LSF, D67A, B202G, deletions
of amino acids 229-231, R2331, K404N, 471K, N488Y, and A688Y, wherein the aming acids
are numbered with respect to a CoV 8 polypeptide having an aming acid sequence of SEQ 1D NO:
2.

{0224} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: KO73P, V974P, an mactivated furin cleavage site, optionally wherein the inactivated furin
cleavage site is QUAQ (SEQ ID NG 73, W139C, 8481P, B601G, and L439R, wheregin the amino

acids are numbered with respect to a CoV S polypeptide having an amino acid sequence of SEQ
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ID NO: 2. In embodimenis, the CoV S polypeptide contains one or more modifications selected
from: KO73P, V974P, an mactivated furin cleavage site, optionally wherein the inactivated furin
cleavage site 1s QRAQ {SEQ ID NG: 7}, W39, D601, and L439R, wherein the amino acids
are numbered with respect to a CoV 8 polypeptide having an amino acid sequence of SEQ 1D NO:
2. In embodiments, the CoV § polypeptide contains one or more modifications selected from:
K973, V974P, an inactivated furin cleavage site, optionally wherein the inactivated furin
cleavage site 1s QQAQ (SEQ ID NGO 7), W139C, S481P, and DO01G wherein the amino acids are
numbered with respect to a CoV 8 polypeptide having an anmino acid sequence of SEQ 1D NG: 2.
In embodiments, the CoV 8§ polypeptide containing one or more modifications selected from:
K973, V974P, an iactivated furin cleavage site, optionally wherein the inactivated furin
cleavage site 1s QQAQ (SEQ ID NGO 7), W139C, 8481P, D601 G, and L439R has the amino acid
sequence of SEQ 1D NGO 153, In embodiments, the CoV 8§ polypeptide having the ammo acid
sequence of SEQ 1D NO: 153 comprises a signal peptide having an anuno acid sequence of SEQ
ID NO: 117 In embodiments, the CoV S polypeptide having the ammo acid sequence of SEQ ID
NG 153 comprises a signal peptide having an amino acid sequence of SEQ 1D NO: §,

{0225] In embodunents, the CoV S polypeptide contamns one or more modifications selected
fromu KO73P, V974P, an mactivated furin cleavage site, optionally wherein the mactivated furin
cleavage site 1s QQAQ (SEQ ID NG: 7), T821, D240G, E4TIK, DOGIG, and A688Y, wherein the
arnino acids are numbered with respect to a CoV 8 polypeptide having an amino acid sequence of
SEQ 1D NO: 2. In embodiments, the CoV S polypeptide containing one or more modifications
selected from: KO973P, VO74P, an inactivated furin cleavage site, optionally wherein the
mactivated furin cleavage site 1s QQAQ (SEQ ID NGO: 7), T82I, D240G, E471K, D6OIG, and
A6BEY, wheremn the amuno acids are numbered with respect to a CoV 5 polypeptide having an
amino acid sequence of SEQ ID NG 2, has an amino acid sequence of SEQ 1D NO: 156 In
embodiments, the CoV K polypeptide contaming one or more modifications selected from: K973P,
VO74P, an inactivated furin cleavage site, optionally wherein the inactivated furin cleavage site 1s
QOAQ (SEQ ID NO: 7y, T8ZI, D240G, E471K, D601, and AG8BY, wherein the amino acids are
numbered with respeci to a {oV S polypeptide having an aming acid sequence of SEQ ID NO: 2,
comprises a signal pepiide having an amine acid sequence of SEQ ID NG 154 or SEQ ID NG: 5
{0226} In embodiments, the CoV S polypeptide contains one or more modifications selected

from: KO73P, V974P, an mactivated furin cleavage site, optionally wherein the inactivated furin
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cleavage site 1s QUAQ (SEQ 1D NO: 7), T82E, D240G, S464N, D601G, and AG88Y, wherein the
amino acids are numbered with respect to a CoV § polypepiide having an amino acid sequence of
SEQ ID NOG: 2. In embodiments, the CoV § polypeptide containing one or more modifications
selected from: K9O73P, V974P, an inactivated furin cleavage site, optionally wherein the
mactivated furin cleavage site 1s QUAQ (SEQ 1D NO: 73, T821, D240G, S404N, D6OIG, and
AGRRY, wherein the amino acids are numbered with respect to a CoV S polypeptide having an
amino acid sequence of SEQ 1D NO: 2, has an amino acid sequence of SEQ ID NO: 158 In
embodiments, the CoV S polypeptide containing one or more modifications selected from: K973P,
V74P, an inactivated furin cleavage site, optionally wherein the inactivated furin cleavage site 1
QQAQ (SEQ ID NO: 7y, TR2L D240G, S464N, D601G, and AG88Y, wherein the amino acids are
numbered with respect to a CoV S polypeptide having an amino acid sequence of SEQ ID NO: 2,
comprises a signal peptide of SEQ ID NG 154,

[0227] Tn embodiments, the CoV § polypeptide contains one or more modifications selected
from: K973P, V974P, an mactivated furin cleavage site, optionally wherein the mactivated furin
cleavage site 1s QQAQ (SEQ ID NO: 7), deletion of amino acid 56, deletion of amuno acid 57,
deletion of amino acid 131, a N488Y mutation, an ASS7D mutation, a DE01G mutation, a P668H
mutation, a T7031 mutation, a S969A mutation, and a D1I0SH mutation, wherein the CoV 8
polypeptide s numbered with respect to the wild-type SARS-CoV-2 8§ polypeptide having the
aroino acid sequence of SEQ I3 NO: 2. In embodiments, the CoV S polypeptide contains one or
more modifications selected from: KO73P, VO74P, an nactivated furm cleavage site, optionally
wherein the mactivated furin cleavage site 18 QQAQ (REQ ID NGO 7}, deletion of amino acid 56,
deletion of amine acid 57, deletion of amino acid 132, a N433Y mutation, an AS357D mutation, a
D601G mutation, a PSORH mutation, a T7031 mutation, a S969A mutation, and a D1103H
mutation, wherein the CoV S polypeptide 18 numbered with respect to the wild-type SARS-CoV-
2 8 polypeptide having the amino acid sequence of SEQ 1D NG: 2.

{0228] In embodiments, the CoV S polypeptide contains one or more modifications selected
from: KO73P, VO74P, an mactivated furin cleavage site, optionally wherein the mactivated furin
cleavage site is QUAQ (SEGQ ID NGO 73, a D67A mutation, a L229H mutation, a R2331 mutation,
an AGZEY mutation, an N48SY mutation, a K404N mutation, a E471K mutation, and a D601G
mutation, wherein the CoV 8 polypeptide is numbered with respect to the wild-type SARK-CoV-

2 § polypeptide having the amino acid sequence of SEQ 1D NOG: 2.
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{0229} In embodiments, the CoV S polypeptide contains one or more modifications selected
from: K973F, VO74P, an mactivated furin cleavage site, optionally wherein the mactivated furin
cleavage site is QQAQ (SEQ ID NG 7), a LSF mutation, a T7N mutation, a P13S mutation, a
D25Y mutation, a2 R177S mutation, a K404T mutation, a E471K mutation, a N488Y mutation, a
D601G mutation, a H642Y mutation, a T10141 muation, and a T1163F mutation, wherein the
CoV § polypeptide 1s numbered with respect to the wild-type SARS-CoV-2 8 polypeptide having
the amino acid sequence of SEQ 1D NG 2.

{0230] In embodiments, the CoV § polypeptide contains one or more modifications selected
from: K986P, VO87P, an wnactivated furin cleavage site, optionally wherein the inactivated furin
cleavage site 1s QOAQ (SEQ ID NG 7), a S131 mutation, a W152C mutation, and a L452R
mutation, wherein the CoV S polypeptide 15 numbered with respect to the wild-type SARS-CoV-
2 8 polypeptide having the amino acid sequence of SEQ ID NG: 1. In embodiments, the CoV S
polypeptide contains one or more modifications selected from: K986P, V987P, an nactivated furin
cleavage site, optionally wherein the 1nactivated furin cleavage site 1s QQAQ (SEQID NG 7),a
S13T moutation, a W152C mutation, and a L432R mutation, wherein the CoV § polypeptide 13
numbered with respect to the wild-type SARS-CoV-2 § polypeptide having the anuno acd
sequence of SEQ ID NO: | lacks an N-termunal signal peptide.

{8231} In embodiments, the CoV Spike (S} polypeptides comprise a polypeptide linker. In
ernbodiments, the polypeptide linker contains glycine and serine. In embodiments, the linker has

about 50 %, about 55 %, about 60 %, about 65 %, about 70 %, about 75 %%, about 80 %, about 85
%, about 90 %, about 95 %, or about 100 % glycine.

{0232} In embodiments, the polypeptide linker has a repeat of (8GGG): (SEQ ID NO: 91},
wherein n1s an integer from 1 to 50 {eg 1,2,3,4,5,6,7, 8,9, 10, 11, 12,13, 14, 15, 16, 17, 18,
19,20, 21, 22, 23, 24 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, or 50). In embodiments, the polypeptide linker has an amino acid sequence
corresponding to SEQ 1D NO: 90,

{0233} In embodiments, the polypeptide linker has a repeat of {GGGGR), (SEGQ ID NO: 93),
wherein n 15 an integer from 1 to 50{eg 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15,16, 17, 1§,
19,20, 21,22, 23, 24, 25, 26, 27. 28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, or 50).
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10234} In embodiments, the polypeptide linker has a repeat of (GGGS)s (SEQ ID NG: 92},
wherein n is an integer from 1 t0 50 (eg. 1,2,3, 4,5, 6,7, 8,9, 10, 11,12 13, 14, 15, 16, 17, 18,
19,20, 21,22, 23, 24, 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 35,36, 37, 38, 30, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49_ or 50).

{0235} In aspects, the polypeptide linker 15 a poly-{Gly)n linker, whereinn s 1, 2, 3, 4, 5, 6,
7.8,9,10, 15,16, 17, 18, 19, or 20. In other embodiments, the linker 1s selected from the group
consisting of dipeptides, tripeptides, and quadripeptides. In embodiments, the linker 1s a dipeptide
selected from the group consisting of alanine-serine (AS), leucine-glutamic acid (LE)}, and serine-
arginine {SR}.

{0236] In embodiments, the polypeptide linker comprises between 1 to 100 contiguous amino
acids of a naturally occurring CoV S polypeptide or of a CoV 8 polypeptide disclosed herein. In
embodiments, the polypeptide linker has an amino acid sequence corresponding to SEQ 1D NG:
94

{6237} In emboduments, the CoV Spike (8) polypeptides comprise a foldon. In embodiments,
the TMCT 15 replaced with a foldon. In embodiments, a foldon causes trimerization of the CoV
Spike (S} polypeptide. Tn erobodiments, the foldon 15 an amno acid sequence known inthe art. 1o
ernbodiments, the foldon has an ammo acid sequence of SEQ TD NO: 68 In embodiments, the
foldon 15 a T4 fibritin trimerization motif. In embodiments, the T4 fibritin trimerization domain
has an amuno acid sequence of SEQ ID NO: 103, In embodiments, the foldon 1s separated i amino
acid sequence from the CoV Spike {S) polypeptide by a polypeptide hinker. Non-limiting examples
of polypeptide linkers are found throughout this disclosure.

{6238} In embodiments, the disclosure provides CoV § polypeptides comprising a fragment of
a coronavirus S protein and nanoparticles and vaccines comprising the same. In embodiments, the
fragment of the coronavirus S protein is between 10 and 1500 amino acids m length (e.g. about
10, about 20, about 30, about 40, about 50, about 60, about 70, about 80, about 90, about 100,
about 150, about 200, about 250, about 300, about 350, about 400, about 450, about 500, about
550, about 600, about 650, about 700, about 750, about 800, about 850, about 900, about 950,
about 1000, about 1050, about 1100, about 1150, about 1200, about 1250, about 1300, about 1350,
about 1400, about 1450, or about 1500 amino acids m length}. In embodiments, the fragment of

the coronavirus S protein is selected from the group consisting of the receptor binding domain
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(RBD), subdomain 1, subdomain 2, upper helix, fusion peptide, connecting region, heptad repeat
1, central helix, heptad repeat 2, NTD, and TMCT.

10239} In embodiments, the CoV S polypeptide comprises an RBD and a subdomain 1. In
embodiments, the CoV S polypeptide comprising an RBD and a subdomam 1 15 amino acids 319
to 591 of SEQID NO: 1.

{0240] In embodiments, the CoV S polypeptide contains a fragment of a coronavirus $ protein,
wherein the fragment of the coronavirus S protein s the RBD. Noon-hmiting examples of RBDs
inchude the RBD of SARS-CoV-2 (amino acid sequence = SEQ I} NO: 69), the RBD of SARS
{amino acid sequence = SEQ ID NO: 70), and the RBD of MERS, {amino acid sequence = SEQ
1D NO: 7).

{0241} In embodiments, the CoV 8 polypeptide contains two or more RBDs, which are
connected by a polypeptide hinker. In embodiments, the polypeptide linker bas an amino acid
sequence of SEQ 1D NG: 90 or SEQ 1D NO: 94,

[6243] In embodiments, the CoV S polypeptide contains 1, 2,3, 4,5, 6,7, 8,9, 10, 11,12, 13,
14,15, 16, 17, 18, 19, or 20 RBDs.

{0243] In some emboditoents, the CoV 5 polypeptide contains two or more SARS-CoV-2
RBDs, which are connected by a polypeptide linker. In embodiments, the antigen contaiming two

or more SARS-CoV-2 RBDs has an amino acid sequence corresponding to one of SEQ 1D NOS:

-3

2-T75.

[0244] In embodiments, the CoV S polypeptide contains a SARS-CoV-2 RBD and a SARS
RBD. In embodiments, the CoV K polypeptide comprises 2 SARS-CoV-2 RBD and a SARS RBD,
wherein each RBD 15 separated by a polypeptide linker. In embodiments, the CoV 5 polypeptide
comprising a SARS-CoV-2 RBD and a SARS RBD has an ammo acid sequence selected from the
group consisting of SEQ D NOK: 76-79.

{0245] In embodimments, the CoV S polypeptide contains a SARS-CoV-2 RBD and a MERS
RBD. In embodiments, the CoV S polypeptide comprises a SARS-CoV-2 RBD and a MERS RBD,
wherein each RBD is separated by a polypeptide hnker.

{0246} In embodiments, the CoV S polypeptide comprises a SARS RBI and a MERS RBD.
In embodiments, the CoV 8 polypeptide comprises a SARS RBD and a MERS RBD, wherein each
RBD is separated by a polypeptide linker.
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10247} In embodiments, the CoV § polypeptide contains a SARS-CoV-2 RBD, a SARS RBD,
and a MERS RBD. In embodiments, the CoV S polypeptide contains a SARS-CoV-2 RBD, 2
SARS RBD, and a MERS RBID, wherein each RBID} is separated by a polypeptide linker. In
embodiments, the CoV 8§ polypeptide comprising a SARS-CoV-2 RBD, a SARS RBD, and a
MERS RBD has an amino acid sequence selected from the group consisting of SEQ I NOS: 80-
83.

{0248} In embodiments, the CoV 8 polypeptides described herein are expressed with an N-
terminal signal peptide. In embodiments, the N-terminal signal peptide has an amino acid sequence
of SEQ ID NO: 5 (MFVFLVLLPLVSS). In embodiments, the N-terminal signal peptide has an
amino acid sequence of SEQ 1D NO: 117 (MFVFLVLLPLVST) In embodiments, the N-terminal
signal peptide has an amine acid sequence of SEQ ID NO: 134 (MFVFFVLLPLVSS) In
embodunents, the signal peptide may be replaced with any signal peptide that enables expression
of the CoV 5 protein. In embodiments, one or more of the CoV S protem signal peptide ammo
acids may be deleted or mutated. An imtiating methionine residue 15 maintained to imtiate
expression. In embodiments, the CoV S polypeptides are encoded by a nucleic acid sequence
selected from the group consisting of SEQ 1D NG: 35, SEQ ID NG 37, SEQ ID NG: 95, SEQ ID
NO: 43, 8EQ ID NO: 47, SEQ 1D NO: 50, SEQ ID NO- 53, SEQ ID NO: 55, SEQ ID NO: 57,
SEQ ID NO- 96, SEQ ID NO: 60, SEQ ID NO: 131, SEQ 1D NO- 135, SEQ D NO: 142, SEQ ID
NG 145, SEQ 1D NO: 148, and SEQ 1D NG: 150, In embodiments, the N-terminal signal peptide
of the CoV 8 polypeptide contains a mutation at Ser-13 relative to the native CoV Spike (S} signal
polypeptide (SEQ ID NGO 5). In embodiments, Ser-13 15 mutated to any natural amino acd In
embodiments, Ser-13 1s mutated to alanine, methionine, 1soleucing, leucine, threonine, or valine.
In embodiments, Ser-13 13 mutated to 1soleucine.

{0249] Following expression of the CoV § protein in a host cell, the N-terminal signal peptide
15 cleaved to provide the mature CoV protein sequence (SEQ ID NOS: 2, 4, 38, 41, 44, 48, 51, 54,
58,61, 63, 65, 67, 73,75, 78, 79, 82, 83, 85, 87,80, 106, 110, 132, 133, 114, 138, 141, 144, 147,
151, 153, 136, and 158, 164-168). In embodiments, the signal peptide 15 cleaved by host cell
proteases. In aspects, the full-length protein may be isolated from the host cell and the signal
peptide cleaved subsequently.

{0250} Following cleavage of the signal peptide from the CoV Spike (S} polypeptide with an

amino acid sequence corresponding to SEQ 1D NOS: 1, 3, 36, 40, 42, 46, 49, 52, 56, 59, 62, 64,
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66, 72, 74, 76, 77, 80, 81, 84, 86, 87, 105, 107, 88, 109, 130, 134, 136, 137, 140, 143, 146, 149,
152, 155, 157, 159-163 during expression and purification, a mature polypeptide having an amino
acid sequence selected from the group consisting of SEQ 1D NOS: 2, 4, 38, 41, 44, 48, 51, 54, 3§,
61,63, 65,67, 73,75, 78, 79, 82, 83, 85, 106, 108, 89, and 110, 112-115, 132, 133, 114, 138, 141,
144, 147, 151, 153, 156, and 158, 164-168 15 obtained and used to produce a CoV § nanoparticle
vaccine or CoV S nanoparticles.

{0251} Advantageously, the disclosed CoV S polypeptides may have enhanced protein
expression and stability relative to the native CoV Spike (5) protein.

{0252] In embodiments, the CoV S polypeptides described herein contain further
modifications from the native coronavirus 8§ protein (SEQ ID NO: 2). In embodiments, the
coronavirus S proteins described herein exhibit at least 80 %, or at least 90 % , or at least 95 %, or
at least 97 %, or at least 99 %o wdentity to the native coronavitus S protein. A person of skill n the
art would use known techniques to calculate the percent wdentity of the recombinant coronavirus 8
protein to the native protein or to any of the CoV 8 polypeptides described heremn. For example,
percentage wdentity can be calculated using the tools CLUSTALW2 or Basic Local Alignment
Search Tool (BLAST), which are avatlable online. The tollowing default parameters may be used
for CLUSTALW?2 Pawrwise alignment: Protein Weight Matrix = Gonnet; Gap Open = 10; Gap
Extension = (.1,

{0253] In ervbodiments, the CoV 5 polypeptides described heren are at least 93%, at least 96
%, at least 97%, at least 98 %, at least 99%, or at least 99.5 % 1dentical to the CoV S polypeptide
having an aming acid sequence of SEQ ID NO: 87, A CoV 8 polypeptide may have a deletion, an
msertion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about 5,
up to about 10, up to about 15, up to about 20, up to about 25, up to about 30, up to about 35, up
to about 40, up to about 45, or up to about 50 amimo acids compared to the amino acid sequence
of the CoV § polypeptide having an amino acid sequence of SEQ 1D NG 87 A CoV S polypeptide
may have may have a deletion, an msertion, or mutation of between about 1 and about § amino
acids, between about 3 and about 10 amuno acids, between about 5 and 10 amino acids, between
about 8 and 12 amino acids, between about 10 and 15 amino acids, between about 12 and 17 amino
acids, between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about
20 and 25 amino acids, between about 22 and about 27 amino acids, between about 25 and 30

amino actds, between aboui 30 and 35 amino acids, between about 35 and 40 amino acids, between
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about 40 and 45 amino acids, or between about 45 and 50 amino acids, as compared to the CoV
S polypeptide having an amino acid sequence of SEQ 1D NG: 87, In embodiments, the CoV 8
polyvpeptides described herein comprise about 1, about 2, about 3, about 4, about 5, about 6, about
7, about 8, about 9, about 10, about 11, about 12, about 13, about 14, about 15, about 16, about 17,
about 18, about 19, about 20, about 21, about 22, about 23, about 24, or about 25 substitutions
compared to the coronavirus 8§ protein (SEQ 1D NG: 87}

[0254] In embodiments, the CoV S polypeptides described herein are at least 95%, at least 96
Y%, at least 97%, at least 98 %, at least 99%, or at least 99 5 % 1dentical to the CoV § polypeptide
having an amino acid sequence selected from any one of SEQ 1D NOS: 2, 4, 38, 41, 44, 48, 51,
S4, 58, 61, 63, 65, 67, 73,75, 78, 79, 82, 83, §5, 106, 108, 89, and 110, 112-1135, 132, 133, 114,
138, 141, 144, 147, 151, 153, 156, and 158, 164-168 A CoV § polvpeptide may have a deletion,
an nserfion, or mutation of up to about 1, up to about 2, up to about 3, up to about 4, up to about
3, up to about 10, up to about 15, up to about 20, up to about 235, up to about 30, up to about 35,
up to about 40, up to about 43, or up to about 50 armnno acids compared to the amino acid sequence
of the CoV § polypeptide having an amino acid sequence selected from any one of SEQ 1D NOS:
7.4, 38, 41, 44, 48, 51, 54, 58, 61, 63, 65, 67, 73, 75, 78, 79, &2, 83, 8BS, 106, 108, 89, and 110,
112115, 132, 133, 114, 138, 141, 144, 147, 151, 153, 156, and 158, 164-168. A CoV 5 polypeptide
may have may have a deletion, an insertion, or mutation of between about 1 and about S anuno
acids, between about 3 and about 10 amuino acids, between about 5 and 10 amino acids, between
about 8 and 12 amino acids, between abouot 10 and 15 ammno acids, between about 12 and 17 amino
acids, between about 15 and 20 amino acids, between about 18 and 23 amino acids, between about
20 and 25 amino acids, betwesn about 22 and about 27 amino acids, between about 25 and 30
amino acids, between about 30 and 35 ammo acids, between about 35 and 40 amino acids, between
about 40 and 45 amino acids, or between about 45 and 50 amino acids, as compared to the CoV
S polypeptide having an amino acid sequence selected from any one of SEQ ID NOS. 2, 4, 38, 41,
44, 48, 51, 54, 58, 61, 63, 65, 67, 73, 75, 78, 79, 82, 83, 85, 106, 108, 89, and 110, 112-115, 132,
133, 114, 138, 141, 144 147, 151, 153, 156, and 158, 164-168. In embodiments, the CoV §
polyvpeptides described herein comprise about 1, about 2, about 3, about 4, about 5, about 6, about
7, about 8, about 9, about 10, about 11, about 12, about 13, about 14, about 15, about 16, about 17,
about 18, about 19, about 20, about 21, about 22, about 23, about 24, or about 25 substitutions

compared to the coronavirus S protein (SEQ ID NG: 87).
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{0255} In embodiments, the coronavirus 8§ polypeptide 15 extended at the N-terminus, the C-
terminus, or both the N-terminus and the C-terminus. In aspects, the extension is a tag useful fora
function, such as purification or detection. In aspects the tag contains an epitope. For example,
the tag may be a polvglutamaie tag, a FLAG-tag, a HA-tag, a polyHis-tag (having about 5-10
histidines} {SEQ ID NO: 101}, a hexahistidine tag (SEQ 1D NG: 100}, an 8X-His-tag (having eight
hustidines) (SEQ 1D NG: 102), a Myc-tag, a Glutathione-S-transferase-tag, a Green fluorescent
protein-tag, Maltose binding protein-tag, a Thioredoxin-tag, or an Fc-tag. In other aspects, the
extension may be an N-terminal signal peptide fused to the protein to enhance expression. While
such signal peptides are often cleaved during expression in the cell, some nanoparticles may
contain the antigen with an intact signal peptide. Thus, when a nanoparticle comprises an antigen,
the antigen may contain an extension and thus may be a fusion protein when incorporated into
nanoparticles. For the purposes of calculating identity to the sequence, extensions are not included.
In emnbodiments, the tag 1s a protease cleavage site. Non-limiting examples of protease cleavage
sites nclude the HRV3C protease cleavage site, chymotrypsin, trypsin, elastase, endopeptidase,
caspase-1, caspase-2, caspase-3, caspase-4, caspase-5, caspase-6, caspase-7, caspase-8, caspase-9,
caspase-10, enterokinase, factor Xa, Granzyme B, TEV protease, and thrombin. In embodiments,
the protease cleavage site 15 an HRV3C protease cleavage site. In embodiments, the protease
cleavage site comprises an amino acid sequence of SEQ ID NO: 98,

{0256] In embodiments, the CoV 8 glycoprotemn comprises a fusion protein. In embodiments,
the CoV S glycoprotein comprises an N-termunal fusion protein.  In embodiments, the Cov S
glycoprotein comprises a C-terminal fusion protein. In embodiments, the fusion protemn
encompasses a tag useful for protein expression, purnification, or detection. In embodiments, the
tag 15 a polyHis-tag (having about 5-10 histidines), a Myc-tag, a Glutathione-S-transferase-tag, a
Green flucrescent protein-tag, Maltose binding protein-tag, a Thioredoxin-tag, a Strep-tag, a Twin-
Strep-tag, or an Fe-tag. In embodiments, the tag 13 an Fe-tag. In embodiments, the Fe-tag 18
monomeric, dimeric, or frimeric. In embodiments, the tag is a hexahistidine tag, e g a polyHis-tag
which contans six histidines (SEQ 1D NG: 100}, In embodiments, the tag 1s a Twin-Strep-tag with
an amino acid sequence of SEQ ID NG: 89

{0257} In embodiments, the CoV § polypeptide 1s a fusion protein comprising another
coronavirgs protein. In embodiments, the other coronavirus protein is from the same coronavirus.

In embodiments, the other coronavirus protein 1s from a different coronavirus.
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{0258} In aspects, the CoV 8 protein may be truncated. For example, the N-terminus may be
trancated by about 10 amino acids, about 30 amino acids, about 50 amino acids, about 75 amino
acids, about 100 amino acids, or about 200 amine acids. The C-terminus may be truncated instead
of or in addition to the N-terminus. For example, the C-termunus may be truncated by about 10
amino acids, about 30 amino acids, about 50 amuno acids, about 75 amino acids, about 100 amino
acids, or about 200 ammno acids. For purposes of calculating identity to the proten having

truncations, identity 15 measured over the remaining portion of the protein.

Nanoparticles containing Col Spike (S} Polvpeptides

[0259] In embodiments, the mature CoV S polypeptide antigens are used to produce a vaccine
comprising coronavirus S nanoparticles. In embodiments, nanoparticles of the present disclosure
comprise the CoV S polypeptides described heremn. In embodiments, the nanoparticles of the
present disclosure comprise CoV S polypeptides associated with a detergent core. The presence
of the detergent facilitates formation of the nanoparticles by forming a core that organizes and
presents the antigens. In embodiments, the nanoparticles may contain the CoV S polypeptides
asserobled mto multi-ohigomernic glveoprotem-detergent {e g PS80} navoparticles with the head
regions projecting outward and hydrophobic regions and PS80 detergent forming a central core
surrounded by the glycoprotein. In embodiments, the CoV § polypeptide inherently contains or is
adapted to contain a transmembrane domain to promote association of the protein into a detergent
core. In emnbodiments, the CoV S polypeptide contains a head domain. Fig, 18 shows an exemplary
structure of a CoV S polypeptide of the disclosure. Primarily the transmembrane domaimns of a
CoV S polypeptide trimer associate with detergent; however, other portions of the polypeptide
may also mteract. Advantageously, the nanoparticles have improved resistance to environmental
stresses such that they provide enhanced stabihity and/or improved presentation to the immune
system due to organization of muldtiple copies of the protein around the detergent.

{0260} In embodiments, the detergent core 15 a non-ionic detergent core. In embodiments, the
CoV S polypeptide 15 associated with the non-ionic detergent core. In embodiments, the detergent
is selected from the group consisting of polysorbate-20 (PS20), polysorbate-40 (PS40},
polysorbate-60 (PS60}, polysorbate-65 (PS65) and polysorbate-80 (PS80).

{0261} In embodiments, the detergent is PSS0.
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{0262} In embodiments, the CoV 8 polypeptide forms a trimer. In embodiments, the CoV S
polypeptide nanoparticles are composed of multiple polypeptide trimers surrounding a non-ionic
detergent core. In embodiments, the nanoparticles contain at least about 1 trimer or more. In
embodiments, the nanoparticles contain at lgast about 5 trimers to about 30 trimers of the Spike
protein. In embodiments, each nanoparticle may contain 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, or 15,
20, 25, or 30 tnimers, including all values and ranges in between. Compositions disclosed herein
may comtain nanoparticles having different numbers of trimers. For example, a composition may
contain nanoparticles where the number of trimers ranges from 2-9; in embodiments, the
nanoparticles in a composition may contain from 2-6 trimers. In embodiments, the compositions
contain a heterogeneous population of nanoparticles having 2 to 6 trimers per nanoparticle, or 2 to
9 trimers per nanopariicle In embodiments, the compositions may contain a substantially
homogenous population of nanoparticles. For example, the population may contain about 95%
nanoparticles having 5 trimers.

[3263] The nanoparticles disclosed heremn range mn particle size. In embodiments, the
nanoparticles disclosed herein range in particle size from a F-ave size from about 20 nm to about
60 nm, about 20 run to about SG run, about 20 nm to about 45 nm, about 20 nm to about 35 nm,
about 20 nm to about 30 nim, about 25 nm to about 35 nim, or about 25 nm to about 45 nm. Particle
size {Z-ave)} 1s measured by dynamic hight scattering (DLS) using a Zetasizer NanoZ$S (Malvern,
UK}, unless otherwise specified.

[0264] In ermnbodiments, the nanoparticles comprising the CoV 8 polypeptides disclosed herein
have a reduced particle size compared to nanoparticles comprising a wild-type CoV S polypeptide.
In embodiments, the CoV S polypeptides are at least about 40 % smaller n particle size, for
example, at feast about 40 %, at least about 45 Y%, at least about 50 %, at least about 55 %, at least
about 60 %, at least about 65 %, at teast about 70 %, at least about 75 % , at least about 80 %%, or
at least about 85 % smaller in particle size.

{0265} The nanoparticles comprising CoV S polypeptides disclosed herein are more
homogenous 1n size, shape, and mass than nancoparticles comprising a wild-type CoV &
polvpeptide. The polydispersity index {(PDI}, which is a measure of heterogeneity, 1s measured by
dynamic hight scattering using a Malvern Setasizer unless otherwise specified. In embodiments,
the particles measured herein have a PDM from about 0.2 to about 0.45, for example, about 0.2,

about 0.25, about 0.29, about 0.3, about 0.35, about 0.40, or about 0.45. In embodiments, the
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nanoparticles measured herein have a PDI that i at least about 25 % smaller than the PDI of
nanoparticles comprising the wild-type CoV S polypeptide, for example, at least about 25 %, at
ieast about 30 9%, at least about 35 %4, at least about 40 %0, at least about 45 %, at least about 50 %,
at least about 55 %, or at least about 60 %, smalier.

10266} The CoV S polypeptides and nanoparticles comprising the same have improved thermal
stability as compared to the wild-type CoV § polypeptide or a nanoparticie thereof. The thermal
stability of the CoV S polypeptides 13 measured using differential scanning calornimetry (DSC)
unless otherwise specified. The enthalpy of transition {AHcal) 15 the energy required to unfold a
CoV S polypeptide. In embodiments, the CoV S polypeptides have an increased AHcal as
compared to the wild-type CoV 8 polypeptide. In embodiments, the AHcal of a CoV S polypeptide
1s about 2-fold, about 3-told, about 4-fold, about 5-fold, about 6-fold, about 7-fold, about 8-fold,
about 9-fold, or about 10-fold greater than the AHcal of a wild-tvpe CoV S polypeptide.

[0267] Several nanoparticle types may be included in vaceine corapositions disclosed heren,
In aspects, the nanoparticle type 1s n the form of an anisotropic rod, which may be a dumer or a
monomer. In other aspects, the nanoparticle type 15 a spherical oligomer. In vet other aspects, the
nanoparticle may be described as an intermediate nanoparticle, having sedimentation properties
intermediate between the first two types. Formation of nanoparticle types may be regulated by
controlling detergent and protein concentration during the production process.  Nanoparticle type
may be determined by measuring sedimentation co-efficient.

Production of Nanoparticles containing Col/' S polvpepride Antigens

{0268] The nanoparticles of the present disclosure are non-naturally occurning products, the
components of which do not occur together in nature. Generally, the methods disclosed herein use
a detergent exchange approach wherem a first detergent 15 used 1o 1solate a protein and then that
first detergent 13 exchanged for a second detergent to form the nanoparticles.

{0269] The antigens contained n the nanoparticles are typically produced by recombinant
expression in host cells. Standard recombinant techniques may be used. In embodiments, the CoV
S polypeptides are expressed in insect host cells using a baculovirus system. In embodiments, the
baculovirus s a cathepsin-L knock-out baculovirus, a chitinase knock-out baculovirus. Optionally,
the baculovirus 1s a double knock-out for both cathepsin-L and chitinase. High level expression
may be obtained in insect cell expression systems. Non hmiting examples of msect cells are,

Spodoptera frugiperda (51} cells, e.g. S19, S121, Trichoplusiani cells, e.g. High Five cells, and
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Drosophila 82 cells. In embodiments, the CoV S polypeptide described herein are produced in any
sutiable host cell. In embodiments, the host cell is an insect cell. In embodiments, the insect cell 15
an Sf9 ceil.

{0276} Typical transfection and cell growth methods can be used to culture the cells. Vectors,
e.g., vectors comprising polynucleotides that encode fusion proteins, can be transfected inio host
cells according to methods well known 1o the art. For example, introducing nucleic acids mto
eukaryotic cells can be achieved by calcium phosphate co-precipitation, electroporation,
microinjection, lipofection, and transfection employing polyamine transfection reagents. In one
embodiment, the vector 1s a recombinant baculovirus.

{0271} Methods to grow host cells include, but are not limited to, batch, batch-fed, continuous
and perfusion cell culture techniques. Cell culture means the growth and propagation of cells ina
bioreactor {a fermentation chamber} where cells propagate and express protein {e.g. recorbinant
proteins) for purification and isolation. Typically, cell culture 15 performed under sterile, controlled
temperature and atrnospheric conditions n a bioreactor. A bioreactor 1s a chamber used to culture
cells m which environmental conditions such as temperature, atmosphere, agitation and/or pH can
be monttored. Tn one embodunent, the bioreactor 1s a staimnless steel chamber. In another
erobodiment, the bioreactor is a pre-sterilized plastic bag {e.g Cellbag®, Wave Biotech,
Bridgewater, N.1}. In other embodument, the pre-sterilized plastic bags are about S0 L. to 3500 L

bags.

Fxtraction and Purification of Nanopariicies containing Col” Spike (S} Profein Antigens

{0272} After growth of the host cells, the protein may be harvested from the host cells using
detergents and purification protocols. Once the host cells have grown for 48 to 96 hours, the cells
are isolated from the media and a detergent-contaming solution 15 added to solubilize the cell
membrane, releasing the protein m a8 detergent extract. Triton X-100 and TERGITOL®
nonylphenol ethoxviate, also known as NP-9, are each preferred detergents for extraction. The
detergent may be added to a final concentration of about 0.1% to about 1.0%. For example, the
concentration may be about 0.1%, about 0.2%, about 0.3%, about §.5%, about 0.7%, about 0.8%,
or about 1.0 %. The range may be about 0.1% to about 0.3%. In aspects, the concentration is

about 0.5%.
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{0273} In other aspects, different first detergents may be used to 1solate the protein from the
host cell. For example, the first detergent may be Bis(polyethylene glycol bis{mudazovicarbonyl}),
nonoxynol-9, Bis{(polvethylene glycol bis[imidazoyl carbonyl]), BRU® Polvethylene glycol
dodecyl ether 35, BRIJ@ Polyethylene glycol (3} cetyl ether 56, BRI® alcohol ethoxyvlate 72,
BRU® Polyoxyl 2 stearyl ether 76, BRU® polyethylene glycol monoolelyl ether 92V, BRU®
Polyoxyethylene (10} oleyl ether 97, BRIJ® Polyethylene glvcol hexadecyl ether 58P,
CREMOPHOR® EL Macrogolglycersl ricinoleate, Decaethyleneglycol monododecy! ether, N-
Decanoyl-N-methylglucamine, n-Decyl alpha-Dglucopyranoside Decyl beta-D-maltopyranoside,
n-Dodecanoyl-N-methyiglucamide, nDodecyl alpha-D-maltoside, n-Dodecyl beta-D-maltoside,
n-Dodecyl beta-D-maltoside Heptaethylene glvcol monodecy!l ether, Heptaethylene glycol
monododecyl ether, Heptaethylene glycol monotetradecyl ether, n-Hexadecy! beta-D-maltoside,
Hexaethylene glveol monododecyl ether, Hexaethylene glycol mounohexadecyl ether,
Hexaethylene glveol monooctadecy! ether, Hexaethyiene glycol monotetradecyl ether, Igepal CA-
630 Igepal CA -630, Methyl-6-0-(N -heptylcarbamoy-alpha-D-glucopyranoside, Nonaethylene
glyeol monododecy! ether, N-Nonanoyl-N-methvlghicamine, N-NonanoyN-methyiglucamine,
Octaethylene glycol monodecy] ether, Octacthyvlene glycolmonododecyt ether, Octaethylene
glyeol monohexadecyl ether, Octaethylene glycol monooctadecyl ether, Octacthylene glycol
monotetradecy] ether, Octyl-beta-D glucopyranoside, Pentaethylene glycol monodecyl ether,
Pentacthvlene glveol monododecyl  ether, Pentacthylene glyeol monochexadecyl ether,
Pentaethylene glycol monohexyl ether, Pentacsthylene glveol monococtadecyl ether, Pentaethylene
glycol monooctyl ether, Polyethylene glycol diglyvcidyl ether, Polvethylene glycol ether W-1,
Polyoxyethylene 10 tnidecyl ether, Polvoxyethylene 100 stearate, Polyoxyethylene 20
isohexadecyl ether, Polyoxyethylene 20 oley! ether, Polyoxyethylene 40 stearate, Polvoxyethylene
50  stearate, Polyoxvethylene 8 stearate, Polyoxyethylene bistinudazolvl  carbonyl),
Polvoxyethylene 25 propylene glyeol stearate, Sapomn from Quillaja bark, SPAN® 20 sorbitan
laurate, SPAN® 40 sorbitan monopalmitate, SPAN® 60 sorbitan stearate, SPAN® 65 sorbitan
iristearate, SPAN® &0 sorbitane monooleate, SPAN® 85 sorbitane trioleate, TERGITOL®
secondary alcohol ethoxylate Type 15-5-12, TERGITOL® secondary alcohol ethoxylate Type 15-
8-30, TERGITOL® secondary alcohol ethoxylate Type 15-8-5, TERGITOL® secondary alcohol
ethoxvlate Type 15-8-7, TERGITOL® secondary alcohol ethoxylate Type 15-5-9, TERGITOL®
nonylphenol ethoxvlate Type NP-10, TERGITOL® nonyiphenol ethoxylate Type NP-4,

79



WO 2022/203963 PCT/US2022/020974

TERGITOL® nonylpheno! ethoxylate Type NP-40, TERGITOL® nonylphenot ethoxviate Type
NP-7, TERGITOL® nonylphenol ethoxylate Type NP-9, TERGITOL® branched secondary
alcohol ethoxylate Type TMN-10, TERGITOL® branched secondary alcohol ethoxylate Type
TMN-6, TRITON™ X-100 Polyethylene glycol tert-octylphenyl ether or combinations thereof.
{0274} The nanoparticles may then be 1solated from cellular debris using centrifugation. In
embodiments, gradient centrifugation, such as using cesium chloride, sucrose and 1odixanol, may
be used. Other techniques may be used as alternatives or in addition, such as standard punification
techmiques including, e.g., ion exchange, affinity, and gel filtration chromatography.

[0275] For example, the first column may be an ion exchange chromatography resin, such as
FRACTOGEL® EMD methacrylate based polymeric beads TMAE (EMD Millipore), the second
column may be a lentid (Lens culinaris) lectin affinity resin, and the third column may be a cation
exchange column such as a FRACTOGEL® EMD methacrylate based polymeric beads 803
(EMD Millipore) resin. In other aspects, the cation exchange columm may be an MMC column or
a Nuvia C Priroe column (Bio-Rad Laboratories, Inc). Preferably, the methods disclosed herein
do not use a detergent extraction column; for exarople a hydrophobic interaction column. Sucha
column 5 often used to remove detergents during purification but mway vegatively wupact the
methods disclosed here.

Detergent exchange of nanoparticles containing CoV' 8 polypeptide Antigens

[8276] To form nanoparticles, the first detergent, used to extract the protein from the host cell
is substantially replaced with a second detergent to arrive at the nanoparticle structure. NP-91sa
preferred extraction detergent. Typically, the nanoparticles do not contain detectable NP-9 when
measured by HPLC. The second detergent s typically selected from the group consisting of PS20,
P840, PS60, PS6S, and PSBO. Preferably, the second detergent 15 PS80,

{0277} In particular aspects, detergent exchange 13 performed using affinity chromatography
to bind glycoproteins via therr carbohydrate moiety. For example, the affinity chromatography
nmay use a legume lectin column. Legume lectins are proteins originally tdentified in plants and
found to mteract spectfically and reversibly with carbohydrate residues. See, for example, Sharon
and Lis, “Legume lectins--a large family of homologous proteins,” FASEB J 1990
Nov;4{14):3198-208; Liener, “The Lectins: Properties, Functions, and Applications in Biology
and Medicine,” Elsevier, 2012 Sustable lectins include concanavalin A {con A), pea lectin,

sainfoin lect, and lentil lectin. Lentil fectin is a preferred column for detergent exchange due o 1ts
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binding properties. Lectin columns are commercially available; for example, Capto Lentil Lectin,
is avatlable from GE Healthcare. In certain aspects, the lentil lectin column may use a recombinant
lectin. At the molecular level, it is thought that the carbohydrate moieties bind to the lentil lectin,
freeing the amuino acids of the protein to coalesce arcund the detergent resulting in the formation
of a detergent core providing nanoparticles having multiple copies of the antigen, ¢.g., glycoprotein
oligomers which can be dimers, trimers, or tetramers anchored in the detergent. In embodiments,
the CoV S polypeptides form trimers. In embodiments, the CoV S polypeptide trimers are
anchored in detergent. In embodiments, each CoV S polypeptide nanoparticle contains at least one
trimer associated with a non-ionic core.

{0278] The detergent, when incubated with the protein to form the nanoparticles during
detergent exchange, may be present at up to about 0.19 {(w/v} during early purifications steps and
this aroount 13 Jowered to achieve the final nanoparticles having optimum stability. For exarple,
the non-1onic detergent {e.g., PS80) may be about 0.005% (v/v) to about 0.1% (v/v), for example,
about 0.005 % {(v/v), about 0.006 % (v/v), about 0.007 % (v/v), about 0.008 % (v/v}, about 0.009
% (v/v}, about 0.01 % {v/v), about 0.013 % {(v/v), about 0.02 % (v/v), about 0.025 % {v/v}, about
0.03 % (v/v), about 0.035 % {v/v), about 0.04 % (v/v}), about 0.045 % (v/v). about 0.05 % (v/v},
about 0.055 % (v/v}, about 0.06 % (v/v), about 0.065 % {v/v}, about 0.07 % {(v/v), about 0.075 %
{v/v}, about .08 % (v/v), about 0.085 % {(v/v}, about .09 % (v/v), about 0.095 % (v/v), or about
0.1 % (v/v) PSRO. In embodiments, the nanoparticle contains about 0.03% to about 0.05% PS80
In embodiments, the nanoparticle contains about 0.01 % {v/v} PS80,

{0279] In embodiments, purified CoV S polypeptides are dialyzed. In embodiments, dialysis
oceurs after purification. In embodiments, the CoV S polypeptides are dialyzed 1n a solotion
comprising sodium phosphate, NaCl, and PS80, In embodiments, the dialysis solution comprising
sodium phosphate contains between about S mM and about 100 mM of sodium phosphate, for
example, about 5 mM, about 10 mM, about 15 mM, about 20 M, about 25 mM, about 30 mM,
about 35 mM, about 40 mM about 45 mM, about 50 mM, aboui 55 mM, about 60 mM, about 63
mM, about 70 mM, about 75 mM, about 30 mM, about 85 mM, about 90 mM, about 95 M, or
about 100 mM sodium phosphate. In embodiments, the pH of the solution comprising sodiom
phosphate 1s about 6.5, about 6.6, about 6.7, about 6.4, about 6.9, about 7.0, about 7.1, about 7.2,
about 7.3, about 7.4, or about 7.5 In embodiments, the dialysis solution comprising sodiom

chloride comprises about 50 mM Na(1 to about 300 mM NaCl, for example, about 5¢ mM, about
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60 mM, about 70 mM, about 80 mM, about 90 mM, about 100 mM, about 110 mM, about 120
mM, about 130 mM, about 140 mM, about 150 mM, about 160 mM, about 170 mM, about 180
mbM, about 190 mM, about 200 mM, about 210 mM, about 220 mM, about 230 mM, about 240
mM, about 250 mM, about 260 mM, about 270 mM, about 280 mM, about 290 mM, about 300
mbM, about 310 mM, about 320 mM, about 330 mM, about 340 mM, about 350 mM, about 360
mM, about 370 mM, about 380 mM, about 390 miM, about 400 mM, about 410 mM, about 420
mbM, about 430 mM, about 440 mM, about 450 mM, about 460 mM, about 470 mM, about 480
mM, about 490 mM, or about 500 mM NaCl In embodiments, the dialysis solution comprising
PS80 comprises about 0.005 % (v/v), about 0.000 % (v/v}, about 0.007 % {(v/v), about G.008 %
{v/v}, about 0.009 % (v/v}, about 0.01 % {(v/v), about 0.015 % (v/v}, about 0.02 % (v/v), about
0.025 % {v/v}, about 0.03 % (v/v), about 0.035 % {v/v), about 0.04 % (v/v), about 0.045 % {v/v},
about 0.03 % (v/v}), about 0.055 % (v/v), about 0.06 % (v/v}, about 0.063 % (v/v), about 0.07 %
{v/v}, about 0.075 % {v/v), about 0.08 % (v/v}, about 0.085 % {v/v}, about .09 % (v/v}, about
0.093 % {v/v}, or about 0.1 % {v/v) PS80, In embodiments, the dialysis solution comprises about
25 mM sodium phosphate (pH 7.2), about 300 mM NaCl, and about 0.01% (v/v} PS80

{02806] Detergent exchange may be performed with proteins purified as discussed above and
purified, frozen for storage, and then thawed for detergent exchange.

[0281] Stability of compositions disclosed heremn may be measured n a varety of ways. In
one approach, a peptide map may be prepared to determine the mtegrity of the antigen protem after
various treatments designed to stress the nanoparticles by mumicking harsh storage conditions.
Thus, a measure of stability 15 the relative abundance of antigen peptides in a stressed sample
compared to a control sample. For example, the stability of nanoparticles containung the CoV S
polypeptides may be evaluated by exposing the nanoparticles to various pHs, proteases, salt,
oxidizing agents, including but not hmited to hyvdrogen peroxide, various temperatures,
freeze/thaw cycles, and agitation. Figs. 12A-8 show that BV2373 (5EQ ID NO: 87) and BV2365
(SEQ 2 NG 4) retain binding to hACE2 under a variety of stress conditions. i 1s thought that the
posiiion of the glycoprotemn anchored into the detergent core provides enhanced stability by
reducing undesirable interactions. For example, the improved protection against protease-based
degradation may be achigved through a shielding effect whereby anchoring the glycoproteins into
the core at the molar ratios disclosed herein results in steric hindrance blocking protease access.

Stability may also be measured by monitoring intact proteins. Fig. 33 and Fig. 34 compare

32



WO 2022/203963 PCT/US2022/020974

nanopariicles containing CoV polypeptides having amino acid sequences of SEQ 1D NOS: 109
and 87, respectively. ¥Fig. 34 indicates that CoV polypeptides having an aming acid sequence of
SEQ ID NO: 87 show particularly good stability during purification. The polypeptide of Fig, 34
comprises a furin cleavage site having an amino acid sequence of QQAQ (SEQ 1D NG 7).
Vaccine Compositions containing CoV S Polypeptide Antigens

{0282] The disclosure provides vaccine compositions comprising CoV 8 polypeptides, for
example, in a nanoparticle. In aspects, the vaccine composition may contain nanoparticles with
antigens from more than one viral strain from the same species of virus. In another embodiment,
the disclosures provide for a pharmaceutical pack or kit comprising one or more containers filled
with one or more of the components of the vaccine compositions.

{0283} Compositions disclosed herein may be used either prophylactically or therapeutically,
but will typically be prophylactic. Accordingly, the disclosure inchudes methods for treating or
preventing infection. The methods involve administering to the subject a therapeutic or
prophylactic amount of the tmmunogenic compositions of the disclosure.  Preferably, the
pharmaceutical composition 13 a vaccine corposition that provides a protective effect. In other
aspects, the protective effect may 1nclude amelioration of a symptom associated with 1ofection
a percentage of the exposed population. For example, the composition may prevent or reduce one
or more virus disease symptoms selected from: fever fatigue, muscle pamn, headache, sore throat,
vomiting, diarrhea, rash, symptoms of mopaired kidney and hiver function, internal bleeding and
external bleeding, compared to an untreated subject.

{0284] The nanoparticles may be formulated for admimstration as vaccines i the presence of
various excipients, buffers, and the hike For example, the vaccine compositions may contain
sodium phosphate, sodium chioride, and/or histidine. Sodium phosphate may be present at about
10 mM to about 530 mM, about 15 mM to about 25 mM, or about 25 mM, in particular cases, about
22 mM soduim phosphate s present.  Histidine may be present about 0.1% {w/v), about 0.5%
(w/v}, about 0.7% (w/v), about 1% {w/v), about 1.5% {w/v}), about 2% {(w/v), or about 2.5% {w/v).
Sodium chloride, when present, may be about 150 mM.  In certain compositions, the sodium
chloride may be present in higher concentrations, for example from about 200 mM to about 500
mM. In embodiments, the sodium chloride 15 present in a high concentration, including but not
iimited to about 200 mM, about 250 mM, about 300 mM, about 330 mM, about 400 mM, about
450 mM, or about 500 mM.
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{0285} In embodiments, the nanoparticles described herein have improved stability at certain
pH levels. In embodiments, the nanoparticles are stable at slightly acidic pH levels. For example,
the nanoparticles that are stable at a shghtly acidic pH, for example from pH 58 to pH 7.0, In
embodiments, the nanoparticles and compositions containing nanoparticles may be stable at pHs
ranging from about pH 5.8 to about pH 7.0, including about pH 5.9 to about pH 6.8, about pH 6.0
to about pH 6.5, about pH 6.1 to about pH 6.4, about pH 6.1 to about pH 6.3, or about pH 6.2 In
embodiments, the nanoparticles and compositions described herein are stabile at neutral pHs,
mcluding from about pH 7.0 to about pH 7 4. In emnbodiments, the nanoparticles and compositions
described herein are stable at slightly alkaline pHs, for example from about pH 7.0 to about pH
8.5, from about pH 7.0 to about pH 8.0, or from about pH 7.0 to about pH 7.5, including all values
and ranges in between.

Adjuvants

[0286] In certain erobodiments, the compositions disclosed herein may be combined with one
or more adjuvants to enhance an tomune response. In other embodiments, the corpositions are
prepared without adjuvants, and are thus available to be adminsstered as adjuvant-free
composttions.  Advantageously, adjuvani-free compositions disclosed herein may provide
protective ynmune responses when administered as a single dose. Alum-free compositions that

induce robust immune responses are especially usetul 1o adults about 60 and older.

Aluminum-based adjuvanis

{0287} In embodiments, the adjuvant may be alum {e.g. AIPGs or AKOH}). Typically, the
nanoparticle s substantially bound to the alum. For example, the nanoparticie may be at least 80%
bound, at least 85% bound, at feast 90% bound or at least 95% bound to the alum. Often, the
nanoparticle 18 92% to 97% bound to the alum in a composition. The amount of alum 1s present
per dose is typically in a range between about 400 pg to about 1250 pug. For example, the alum
may be present in a per dose amount of about 300 ug to about 900 ug, about 400 pg to about 800
ug, about 500 pg to about 700 pg, about 400 ue to about 600 pg, or about 400 ug to about 500 pg.
Typically, the alum is present at about 400 ug for a dose of 120 pg of the protein nanoparticle.

Saponin Adjuvanis
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{0288] Adjuvants containing saponin may also be combined with the immunogens disclosed
herern. Saponins are glycosides derived from the bark of the Quillaja saponaria Molina tree.
Typically, saponin 1s prepared using a multi-step purification process resulting in multiple
fractions. As used, herein, the term “a saponin fraction from Quillaja saponaria Molina” is used
generically to describe a semi-purified or defined saponin fraction of Quillaja saponaria or a
substantially pure fraction thereof.

Saponin Fractions

[0289] Several approaches for producing saponin fractions are suttable. Fractions A, B, and
are described in U.S. Pat. No. 6,352,697 and may be prepared as follows. A lipophilic fraction
from Quil A, a crude agqueous Quillaja saponaria Molina extract, is separated by chromatography
and eluted with 70% acetonitrile in water to recover the lipophilic fraction. This lipophilic fraction
is then separated by senu-preparative HPLC with elution using a gradient of from 25% to 60%
acetonitrile 1 acidic water. The fraction referred to herein as “Fraction A7 or “QH-A” 13, or
corresponds to, the fraction, which 15 eluted at approximately 39% acetomtrile. The fraction
referred 1o herein as “Fraction B” or “QH-B” 15, or corresponds to, the fraction, which 13 eluted at
approxumately 47% acetontiride. The fraction referred to heremn as “Fraction €7 or “QH-C” 13, or
corresponds to, the fraction, which is eluted at approximately 49% acetonurile.  Additional
information regarding purification of Fractions 1s found in U.S Pat. No. 5,057,540, When prepared
as described heren, Fractions A, B and C of Quillaja saponana Molina each represent groups or
families of chemucally closely related molecules with definable properties. The chromatographic
conditions under whuch they are obtained are such that the batch-to-batch reproducibility 10 terms
of ehution profile and biological activity 15 highly consistent.

{0290] {ther saponin fractions have been described. Fractions B3, B4 and B4b are described
m EP 0436620, Fractions QAI-QA22 are described BEPG3632279 B2, (3-VAC (Nor-Feed, AS
Denmark), Quillaia saponaria Mohina Spikoside {Isconova AB, Ultunaalién 2B, 756 5t Uppsala,
Sweden). Fractions QA-1, QA-2, QA-3, QA-4, QA-5, QA-6, QA-7, QA-8, QA-9, QA-10, QA-11,
QA-12, OA-13, GA-14, QA-15, QA-16, OA-17, OA-18, QA-19, QA-20, DA-21, and QA-22 of
EP 0 3632 279 B2, especially QA-7, QA-17, QA-18, and QA-21 may be used. They are obtamed
as described in EP ¢ 3632 279 B2, especially at page 6 and in Example 1 on page 8 and 9.

{0291} The saponin fractions described herein and used for forming adjuvants are often

substantially pure fractions; that is, the fractions are substantially free of the presence of

>
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contamination from other materials. In particular aspects, a substantially pure saponin fraction
may contain up to 40% by weight, up to 30% by weight, up to 25% by weight, up to 20% by
weight, up to 15% by weight, up to 10% by weight, up to 7% by weight, up to 5% by weight, up
to 2% by weight, up to 1% by weight, up to 0.5% by weight, or up to 0.1% by weight of other
compounds such as other saponing or other adjuvant matersals.

ISCOM Structures

{0292} Saponin fractions may be administered in the form of a cage-like particle referred to as
an ISCOM (Immune Stimulating COMplex}). ISCOMs may be prepared as described in
EP0109942B1, EP02423808B1 and EP0180546 Bl In particular embodiments a transport and/or a
passenger antigen may be used, as described in EP 9600647-3 (PCT/SES7/00289).

Matrix Adjuvants

[6293] In embodiments, the ISCOM s an ISCOM matrix complex. An ISCOM matrix
complex comprises at least one saponin fraction and a hipid. The hipid 1s at least a sterol, such as
cholesterol. In particular aspects, the ISCOM matrix complex also contains a phospholipid. The
ISCOM matrix complexes may also contain one or more other immunomodulatory {(adjuvant-
active} substavces, not necessarldy a glycoside, and may be produced as described 1u
EPQ04366208B1, which 1s ncorporated by reference w its entuety heren,

[3294] In other aspects, the ISCOM 15 an ISCOM complex. An ISCOM complex contains at
least one saponin, at least one hpid, and at least one kind of antigen or epitope. The ISCOM
complex contains antigen associated by detergent treatment such that that a portion of the antigen
mitegrates mto the particle. In contrast, ISCOM matrix s formulated as an admixture with antigen
and the association between ISCOM matrix particles and antigen s mediated by electrostatic
and/or hydrophobic mteractions.

[0295] According o one embodiment, the saponin fraction mtegrated into an IRCOM matrix
complex or an ISNCOM complex, or at least one additional adjuvant, which also 13 integrated mto
the ISCOM or INCOM matrix complex or mixed therewith, 15 selected from fraction A, fraction
B, or fraction C of Quillaia saponana, a semupunified preparation of Quillaja saponana, a purified
preparation of Quillaja saponaria, or any purified sub-fraction e g., QA 1-21.

{0296} In particular aspects, each ISCOM particle may contain at least two saponin fractions.
Any combinations of weight % of different saponin fractions may be used. Any combination of

weight % of any two fractions may be used. For example, the particle may contain any weight %
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of fraction A and any weight % of another saponin fraction, such as a crude saponin fraction or
fraction C, respectively. Accordingly, 1n particular aspects, each ISCOM matrix particle or each
ISCOM complex particle may contain from G.1 t0 99.9 by weight, 5 to 95% by weight, 10 to 90%
by weight 15 to 85% by weight, 20 to 80% by weight, 25 t¢ 75% by weight, 30 10 70% by weight,
35 to 65% by weight, 40 to 60% by weight, 45 to 55% by weight, 40 to 60% by weight, or 50%
by weight of one saponin fraction, e.g. fraction A and the rest up to 100% in each case of another
saponin e.g. any crude fraction or any other faction e g. fraction C. The weight is calculated as the
total weight of the saponin fractions. Examples of ISCOM matrix complex and ISCOM complex
adjuvants are disclosed in U.S Published Application No. 2013/0129770, which is incorporated by
reference 1o its entirety herein.

{08297} In particular embodiments, the ISCOM matrix or ISCOM complex comprises from 5-
99% by weight of one fraction, e.g. fraction A and the rest up to 100% of weight of another fraction
e.g. a crude saponin fraction or fraction . The weight s calculated as the total weight of the
saponin fractions.

{0298} Tn another embodiment, the ISCOM matrix or ISCOM complex comprises from 40%
to 99% by weight of one fraction, e.g fraction A and froro 1% to 60% by weight of another
fraction, e.g. a crude sapomn fraction or fraction C. The weight 1s calculated as the total weight of
the sapomn fractions,

{6299} In yet another embodiment, the ISCOM matrix or ISCOM complex comprises from
70% to 95% by weight of one fraction e.g,, fraction A, and from 30% to 5% by weight of another
fraction, e.g., a crude saponin fraction, or fraction C. The weight 1s calculated as the total weight
of the saponm fractions. In other embodiments, the saponin fraction from Quillaza saponara
Molina 15 selected from any one of QA 1-21.

{0300} In addition to particles contaiming mixtures of saponin fractions, ISCOM matrix
particles and ISCOM complex particles may each be formed using only one saponin fraction.
Compositions disclosed herein may contain multiple particles wherein each particle contains only
one saponin fraction. That 1s, certain compositions may contain one or more different types of
ISCOM-matrix complexes particles and/or one or more different types of ISCOM complexes
particles, where each individual particle contains one saponin fraction from Quillaja saponana
Molina, wherein the saponin fraction in one complex is different from the saponin fraction in the

other complex particles.
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10301} In particular aspects, one type of saponin fraction or a crude saponin fraction may be
mtegrated into one ISCOM matrix complex or particle and another type of substantially pure
saponin fraction, or a crude saponin fraction, may be mtegrated into another ISCOM mainix
compiex or particle. A composition or vaccine may comprise at least two types of complexes or
particles each type having one type of saponins mtegrated into physically different particies.
{0302] In the compositions, mixtures of ISCOM matrix complex particles and/or ISCOM
complex particles may be used in which one saponin fraction Quillaja saponaria Molina and
another sapornin fraction Quillaja saponaria Molina are separately incorporated inte different
ISCOM matrix complex particles and/or ISCOM complex particles.

{0303] The ISCOM matrix or ISCOM complex particles, which each have one saponin
fraction, may be present in composition at any combination of weight %. In particular aspects, a
compostiion may contain 0.1% 10 99.9% by weight, S% to 95% by weight, 10% to 90% by weight,
15%% to 85% by weight, 20% to 80% by weight, 25% to 75% by weight, 30% to 70% by weight,
35% to 65% by weight, 40% to 60% by weight, 45% to 33% by weight, 40 to 60% by weight, or
50% by weight, of an ISCOM ratrix or complex containing a first saponin fraction with the
remaioing portion made up by an ISCOM matrix or complex containing a different saponin
fraction. In aspects, the remaining portion s one or more ISCOM matrix or complexes where each
matrix or comaplex particle contains only one saponin fraction. In other aspects, the ISCOM matrix
or complex particles may contain more than one saponin fraction.

{08304} In particular compositions, the only sapomn fraction m a first ISCOM matrix or
ISCOM complex particle 1s Fraction A and the only saponin fraction 1n a second ISCOM matrix
or ISCOM complex particle 1s Fraction C.

{0305] Preferred compositions comprise a first ISCOM matrix contaming Fraction A and a
second ISCOM matrix containing Fraction €, wherein the Fraction A ISCOM matrix constitutes
about 70% per weight of the total sapomin adjuvant, and the Fraction C ISCOM matrix constitutes
about 30% per weight of the toial saponin adjuvant. In another preferred composition, the Fraction
A ISCOM matrix constitutes about 85% per weight of the total saponin adjuvant, and the Fraction
C ISCOM matrix constitutes about 15% per weight of the total saponin adjuvant. Thus, in certain
compositions, the Fraction A ISCOM matrix is present in a range of about 70% to about 5%, and
Fraction C ISCOM matrix is present in a range of about 15% to about 30%, of the total weight

amount of saponin adjuvant 1o the composition. In embodiments, the Fraction A ISCOM matrix
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accounts for 50-96 % by weight and Fraction C ISCOM matrix accounts for the remamnder,
respectively, of the sums of the weights of Fraction A ISCOM matrix and Fraction C ISCOM in
the adjuvant. In a particularly preferred composition, referred to herein as MATRIX-M™, the
Fraction A ISCOM matrix is present at about 85 % and Fraction C ISCOM matrix is present at

about 15% of the total weight amount of saponin adjuvant in the composition. MATRIX-M™

may
be referred to interchangeably as Matrix-M1.

{0306} Exemplary QS-7 and QS-21 fractions, thewr production and their use is described in
1.8 Pat. Nos. 5,057.540; 6,231,859, 6.352.697, 6,524,584, 6,846 489 7,776,343, and 8,173,141,
which are incorporated by reference herein.

{0307} In embodiments, other adjuvants may be used in addition or as an alternative. The
nclusion of any adjuvant described in Vogel et al.| "A Compendium of Vaccine Adjuvants and
Excipients {Znd Edition)," herein mcorporated by reference n its entirety for all purposes, is
envisioned within the scope of this disclosure. Other adjuvants include complete Freund's adjuvant
{a non-specific stirnulator of the iromune response containing killed Mycobacteriur tuberculosis),
incomplete Freund's adjuvants and aluminum hydroxide adjuvant Other adjuvanis comprise
GMCSP, BCG, MDP coropounds, such as thur-MDP and nor-MBDP, CGP (MTP-PE), hpid A, and
monophosphoryl hipid A (MPL), MF-59, RIBI, which contains three cormponents exiracted from
bacteria, MPL, trehalose dimycolate (TDM} and cell wall skeleton (CWS) i a 2%
squalene/TWEEN® polysorbate 80 emulsion.  In embodiments, the adjuvant may be a
pauctlamellar hipid vesicle; for example, NOVASOMES®. NOVASOMES® are paucilamellar
nonphospholipid vesicles ranging from about 100 nm to about 500 vm. They comprise BRI®
alcohol ethoxylate 72, cholesterol, oleic acid and squalens. NOVASOMES® have been shown to
be an effective adjuvant (see, U.S. Pat. Nos. 5,629,021, 6,387,373, and 4,911,928
Administration and Dosage

{8308} In embodiments, the disclosure provides a method for eliciting an immune response
against one or more coronaviruses. In embodiments, the response 1s against one or more of the
SARS-CoV-2 virus, MERS, and SARS. In embodiments, the response 15 agamnst a heterogeneous
SARS-CoV-2 strain. Non-hmiting examples of heterogeneous SARS-CoV-2 strains include the
Cal 200 SARS-CoV-2 stramn, P.1 SARS-CoV-Z strain, B.1 351 SARS-CoV-2 stram, and B 1.1.7
SARS-CoV-2 strain. The method involves administering an immunologically effective amount of

a composition containing a nanoparticle or containing a recombinant CoV Spike {8} polypeptide
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to a subject. Advantageously, the proteins disclosed herein mduce one or more of particularly
useful anti-coronavirus responses.

{0309} In embodiments, the nanoparticles or CoV § polypeptides are administered with an
adjuvant. In aspects, the nanoparticles or CoV 8 polypeptides are admimstered without an
adjuvant. In aspects, the adjuvant may be bound to the nanoparticle, such as by a non-covalent
mteraction. In other aspects, the adjuvant is co-admimustered with the nanoparticle but the adjuvant
and nanoparticle do not interact substantially.

{0316} In embodiments, the nanoparticles or CoV 8 polypeptides may be used for the
prevention and/or treatment of one or more of a SARS-CoV-2 infection, a heterogeneous SARS-
CoV-2 strain infection, a SARS nfection, or a MERS infection. Thus, the disclosure provides a
method for eliciting an immune response against one or more of the SARS-CoV-2 virus,
heterogeneous SARS-CoV-2 virus, MERS, and SARS. The method involves admimnistering an
samunologically effective amount of a composition contaiming a nanoparticle or a CoV 8
polypeptide to a subject. Advantageously, the proteins disclosed herein induce particularly useful
anti-COTONavITus Tesponses.

{0311} In embodiments, coropositions containing the nanoparticles or CoV 5 polypeptides
described herein nduce a protective response against SARS-CoV-2 or a heterogeneous SARS-
CoV-2 strain in a subject for up to about 3 months, up to about 4 months, up to about 5 months,
up to about & months, up to about 7 months, up to about 8 months, up to about 9 months, up to
about 10 months, up to about 11 months, up to about 12 months, up to about 13 months, up to
about 14 months, up to about 15 months, up to about 16 months, up to about 17 months, up to
about 18 months, up to about 19 months, up to about 20 months, up to about 21 months, up to
about 22 months, up to about 23 months, up to about 24 months, up to about 2.5 years, up to about
3 years, up to about 3.5 years, up to about 4 years, up to about 4.5 years, up to about 5 years after
a last dose of nanoparticle or CoV S polypeptide. In embodiments, the nancoparticles or CoV §
polvpeptides described herein induce a protective response in a sebject for at least 6 months.
{08312] In embodiments, the protective response 1s agamst an asymptomatic mfection caused
by SARS-CoV-2 or a heterogeneous SARS-CoV-2 strain. In embodiments, the protective response
is against a symptomatic infection caused by SARS-CoV-2 or a heterogeneous SARS-CoV-2

strain.
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10313} In embodiments, compositions containing the nanoparticles or CoV § polyvpeptides
described herein have an efficacy at preventing coronavirus disease-19 (COVID-19} from a SARS-
CoV-2 virys or a heterogeneous SARS-CoV-2 strain {e.g.,a B.1.1.7 SARS-CoV-2 strain, B.1.351
SARK-CoV-2 stramn, P.1 SARS-CoV-2 strain, B.1.6172 SARS-CoV-2 sirain, B.1.525 SARS-
CoV-2 strain, B.1.526 SARS-CoV-2 strain, B.1.617.1 SARS-CoV-2 strain, a C37 SARS-CoV-2
strain, B.1.621 SARS-CoV-2 strain, or a Cal 20C SARS-CoV-2 strain) that 1s from about 50 % to
about 99 %, from about 80 %5 to about 99 %, from about 75 96 to about 99 %, from about 80 % to
about 95 %, from about 90 %% to about 98 %, from about 75 % to about 95 9%, from about 80 % to
about 90 Y%, from about 85 % to about 95 %, from about 80 % to about 95 9%, at least about 50 %,
at least about 35 %, at least about 60 %%, at least about 65 %5, at least about 70 %, at least about 75
%%, at least about 80 %4, at least about R3S %, at least about 90 %, at least about 91 %, at least about
G972 %, at least about 93 %, at least about 94 %, at least about 95 %4, at least about 96 %, at least
about 97 %, at least about 98 %, or at least about 99 % for up to about 1 month, up to about 2
months, up to about 2.5 months, up to about 3 months, up to about 3.5 months, up to about 4
months, up to about 4.5 months, up to about 5 wonths, up to about 5.5 months, up to about &
months, up to about 6.5 months, up to about 7 months, up to about 7.5 months, up to about 8
months, up to about 8.5 months, up to about 9 months, up to about 9.5 months, up to about 10
mounths, up to about 10.5 months, up to about 11 months, up to about 11.5 months, up to about 12
months, up to about 12.5 months, up to about 13 months, up to about 13.5 months, up to about 14
months, up to about 14.5 months, up to about 15 months, ap to about 15.5 months, up to about 16
months, up to about 16.5 months, up to about 17 months, up to about 17.5 months, up to about 18
months, up to about 18.5 months, up to about 19 months, up to about 19.5 months, up to about 20
months, up to about 20.5 months, up to about 21 months, up to about 21.5 months, up to about 22
months, up to about 22.5 months, up to about 23 months, up to about 23.5 months, up to about 24
months, up to about 2.1 vears, up to about 2.2 years, up to about 2.3 years, up to about 2.4 years,
up to about 2.5 vears, up to about 2.6 vears, up to aboui 2.7 vears, up to about 2.8 vears, up to
about 2.9 vears, up to about 3 vears, or longer after admunistration of the last dose of nanoparticles
or CoV 8 polypeptides described herein. In embodiments, the COVID-19 18 mild COVID-19. In
embodiments, the COVID-19 15 moderate COVID-19. In embodiments, the COVID-19 is severe
COVIER-19. In embodiments, the COVID-19 15 asymptomatic COVID-19.
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10314} In embodiments, compositions containing the nanoparticles or CoV § polyvpeptides
described herein have an efficacy against a SARS-CoV-2 virus or a heterogensous SARS-CoV-2
strain of at least &2 % for up to about 7.5 months after administration of the last dose of
nanoparticles or CoV S polypeptides described herein. In embodiments, compositions containing
the nanoparticies or CoV 8 polypeptides described herein have an efficacy against a SARS-CoV-
2 virus or a heterogeneous SARS-CoV-2 strain of 80 % to about 90 % for up to about 7.5 months
after administration of the last dose of nanoparticles or CoV S polypeptides described herein.
[8315] In embodiments, compositions containung the nanoparticles or CoV 8§ polypeptides
have an efficacy of at least 75 % against asymptomatic disease. In embodiments, the nanoparticles
or CoV S polypeptides have an efficacy of from 80 % to 90 %, from 80 % to 99 %, from 82 % to
99 %, from 82 % to 95%, from 85 9% 10 95 %, from RS % to 99 %, from 85 to 97 %%, at least 80 %,
at least 81 9%, at teast 82 Yo, at least 83 %, at least 84 %, at feast 85 %, at least 86 %, at least 87 %,
at least 88 %4, at least 89 %, at least 90 %, at least 91 %%, at least 92 %, at least 93 %, at least 94 %%,
at least 95 %, atleast 96 %%, at least 97 %, at least 98 %, at least 99 %%, or 100 % aganst symoptomatic
COVID-19 for up to about 1 month, up to about 2 months, up to about 2.5 wonths, up to about 3
months, up to about 3.5 months, up to about 4 months, up to about 4.5 months, up to about 5
months, up to about 5.5 months, up to about 6 wonths, up to about 6.5 months, up to about 7
months, up to about 7.5 months, up to about 8 months, up to about 8.5 months, up to about ©
months, up to about 9.5 months, up to about 10 months, up to about 10.5 mouths, up to about 11
months, up to about 11.5 months, up to about 12 months, up to about 12.5 months, up to about 13
months, up to about 13.5 months, up to about 14 months, up to about 14.5 months, up to about 15
months, up to about 15.5 months, up to about 16 months, up to about 16.5 months, up to about 17
months, up to about 17.5 months, up to about 18 months, up to about 18.5 months, up to about 19
months, up to about 19.5 months, up to about 20 months, up to about 20.5 months, up to about 21
months, up to about 21.5 months, up to about 22 months, up to about 22.5 months, up to about 23
months, up to about 23.5 months, or ep to about 24 months, or more.

16316} In embodiments, composttions containing the nanoparticles or CoV S polypeptides
have an efficacy of from 95 % to 97 %, from 95 % to 99 %, from 95 Y% to 98 %, at least 95 %, at
ieast 96 %o, at least 97 %, at least 98 %, at least 99 %, or 100 % against severe COVID-19 for up
to about 1 month, up to about 2 monihs, up to about 2.5 months, up to about 3 months, up to about

3.5 months, up to about 4 months, up to about 4.5 months, up to about 5 months, up to about 5.5
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months, up to about & months, up to about 6.5 months, up to about 7 months, up to about 7.5
months, up to about 8 months, up to about 8.5 months, up to about @ months, up to about 9.5
months, up to about 10 months, up to about 10.5 months, up to about 11 months, up to about 11.5

months, up to about 12 months, up to about 12.5 months, up to about 13 months, up to about 13.5

4l

months, up to about 14 months, up to about 14.5 months, up to about 15 months, up to about 15.5

U

months, up to about 16 months, up to about 16.5 months, up to about 17 months, up to about 17.

(97}

months, up to about 18 months, up to about 18.5 months, up to about 19 months, up to about 19,

U

months, up to about 20 months, up to about 20.5 months, up to about 21 months, up to about 21.

(97}

months, up to about 22 months, up to about 22.5 months, up to about 23 months, up to about 23.
months, or up to about 24 mounths, or more.

{0317} In embodiments, compositions containing the nanoparticles or CoV S polypeptides
have an efficacy of from 75 % to 95 %, from 75 % to 90 %, from 75 % 10 83 %, from 75 % to 93
%%, from 80 % to 98 %%, from &0 % t0 95 %, from 80 % to 90 %, from 85 9% to 98 %, from 85 %
10 95 %, at least 75 %, at least 76 %, at least 77 %, at least 78 %, at least 79 %, at least 80 %, at
least 81 %, at least 82 %%, at least 83 %, at least 84 9%, at least RS 96, at least 86 %, at least 87 %, at
feast 88 Y%, at least 89 %, at least 90 %, at least 91 %4, at least 92 %, at least 93 9%, at least 94 %4, at
least 95 %, at least 96 %, at least 97 %, at least 98 %, at least 99 %, or 100 % against moderate
COVID-19 for up to about 1 month, up to about 2 months, up to about 2.5 months, up to about 3
months, up to about 3.5 months, up to about 4 wonths, up to about 4.5 mouvths, up to about 5
months, up to about 5.5 months, up to about 6 months, up to about 6.5 months, up to about 7
months, up to about 7.5 months, up to about § months, up to about 8.5 months, up to about 9
months, up to about 2.5 months, up to about 10 months, up to about 10.5 months, up to about 11
months, up to about 11.5 months, up to about 12 months, up to about 12.5 months, up to about 13
months, up to about 13.5 months, up to about 14 months, up to about 14.5 months, up to about 15
months, up to about 15.5 months, up to about 16 months, up to about 16.5 months, up to about 17
months, up to about 17.5 months, up to about 18 months, up to about 18.5 months, up to about 19
months, up to about 19.5 months, up to about 20 months, up to about 20.5 months, up to about 21
months, up to about 21.5 months, up to about 22 months, up to about 22.5 months, up to about 23
months, up to about 23.5 months, or up to about 24 months, or more.

{0318} In embodiments, compositions containing the nanoparticles or CoV § polyvpeptides

have an efficacy of from 40% to 95 Y%, from 40 % to 90 Y%, from 40 % to &5 Y%, from 40 % to &0
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o, from 40 % to 75 Y, from 40 % to 70 %, from 40 % to 65 %, from 40 % to 60 %, from 50 % to
G5 %%, from 50 % to 90 %, from 50 % to 85 %%, from 50 %% to 80 %, from 50 % to0 75 %, from 50
%% 10 70 %, from 50 %% 10 635 %, from 30 %6 to 60 Y, at least 40 %%, at least 41 %, at least 42 %, at
ieast 43 %, at least 44 %, at least 45 %, at least 46 %, at least 47 %, at least 48 %, at least 49 %, at
ieast 50 %, at least 51 %6, at least 52 %%, at least 53 %, at least 54 %, at least 55 %, at least 56 %, at
least 57 % , at least 58 9%, at least 59 94, at least 60 %, at least 61 %, at least 62 %%, at least 63 %,
at least 64 %6, at least 65 %, at least © at least &7 %6, at least 68 %, at least 69 %, at least 70 %,
at least 71 %, at least 72 %, at least 73 %, at least 74 %, at least 75 %, at least 76 %, at least 77 %,
at least 78 %, at least 79 %, at least 80 %, at least 81 %, at least 82 %, at least 83 %, at least 84 %,
at least 85 %, at least 86 %, at least 87 %, at least 88 %, at least 82 %, at least 90 %, at least &
at least 92 %6, at least 93 %, at least 94 94, at least 95 %o, at least 96 %, at least 97 9%, at least 98 %4,
at least 99 %, or 100 % agamst mild COVID-19 for up to about T month, up to about 2 months, up
to about 2.5 months, up to about 3 months, up to about 3.5 months, up to about 4 months, up to
about 4.5 months, up to about S months, up to about 3.5 months, up to about 6 months, up to about
6.5 months, up to about 7 months, up to about 7.5 months, up to about § months, up to about 8.5

months, up to about ¢ months, up to about 9.5 months, up to about 10 months, up to about 10.5

S

months, up to about 11 months, up to about 11.5 months, up to about 12 months, up to about 12.5

(4]

mounths, up to about 13 months, up to about 13.5 months, up to about 14 months, up to about 14.

S

months, up to about 15 months, up to about 15.5 months, up to about 16 months, up to about 16.5

(941

months, up to about 17 months, up to about 17.5 months, up to about 18 months, up to about 18,

months, up to about 19 months, up to about 19.5 months, up to about 20 months, up to about 20.5

A

months, up to about 21 months, up to about 21.5 months, up to about 22 months, up to about 22
months, up to about 23 months, up to about 23.5 months, or up to about 24 months, or more.

[3319] Compositions disclosed herein may be admirustered via a systemic route or a mucosal
route or a transdermal route or directly into a specific tissue. As used herein, the term “systemic
administration”  includes parenteral routes of admimstration In  particular, parenteral
admunistration includes subcutaneous, intraperitoneal, travenous, miraartenial, miramuscular, or
mitrasternal injection, intravenous, or kidney dialytic infusion technigues. Typically, the systemic,
parenteral administration is intramuscular injection. As used herein, the term “mucosal
administration” inciodes oral, intranasal, intravaginal, intra-rectal, intra-tracheal, intestinal and

ophthalmic administration. Preferably, administration is intramuscular.
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{0320} Compositions may be administered on a single dose schedule or a multiple dose
schedule. Multiple doses may be used in a primary immunization schedule or in a booster
immunization schedule. In embodiments, about 1,2, 3,4, 5,6, 7,8 9, 10, 11, 12, 13, 14, 15, 19,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 doses are administered. In a multiple dose
schedule the various doses may be given by the same or different routes e g., a parenteral prime
and mucosal boost, a mucosal prime and parenteral boost, etc. In aspects, a boost dose is
administered about 2 weeks, about 3 weeks, about 4 weeks, about 5 weeks, about 6 weeks, about
2 months, about 3 months, about 4 months, about S months, about 6 months, about 7 months, about
8 months, about 9 months, about 10 months, about 11 months, about 12 months (1 year), about 2
vears, about 3 years, about 4 vears, about 3 years, about 6 years, about 7 years, about 8 years, about
9 years, or about 10 vears after the first dose. In embodiments, a boost dose 15 adminustered every
vear after admuustration of the mutial dose In embodiments, the follow-on boost dose s
adrministered 3 weeks or 4 weeks after admiustration of the prior dose. In embodiments, the first
dose 15 administered at day 0, and the boost dose 1s adnumstered at day 21, In embodiments, the
first dose 15 admunustered at day 0, and the boost dose 15 administered at day 28, In embodiments,
the first dose 18 adnurustered at day 0, a boost dose 13 administered at day 21, and a second boost
dose 18 admurustered about six months after admirustration of the first dose. In embodiments, the
first dose 13 adnurustered at day 0, and the boost dose s admustered at day 28, and a second boost
dose 18 admurustered about six months after admirustration of the first dose. In embodiments, the
first dose 1s admumstered at day 0, a boost dose 18 admumistered at day 21, and a second boost dose
15 admunistered about six months after admimstration of the second dose. In embodiments, the
first dose 13 admunistered at day G, and the boost dose 1s admmustered at day 28, and a second boost
dose 1s admimstered about six months after admmnstration of the second dose.

{0321} In embodiments, the boost dose comprises the same immunological composition as the
mitial dose. In embodiments, the boost dose comprises a different immunological composition
than the 1nitial dose. In embodiments, the different immunological composition 18 a SARS-CoV-2
Spike glycoprotein, an mRNA encoding a SARS-Cov-2 Spike glveoprotein, a plasmid BNA
encoding a SARS-Cov-2 Spike glvcoprotein, an viral vector encoding a SARS-Cov-2 Spike
elycoprotein, or an inactivated SARS-CoV-2 virus. In embodiments, the boost dose comprises the
mitial composition. In embodiments, the mitial dose comprises a SARS-CoV-2 8 glycoprotein

{e.g., a SARS CoV-2 § glycoprotein having the amino acid sequence of SEQ 1D NO: 87), and the
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boost dose comprises the same SARS-CoV-2 8 glycoprotemn {e.g., a SARS CoV-2 S glycoprotein
having the amino acid sequence of SEQ ID NO: 87).In embodiments, the imitial dose comprises a
SARS-CoV-2Z 5 glycoproteinfe.g., a SARS CoV-2 S glycoprotein having the amino acid sequence
of SEQ ID NQO: &7), and the boost dose comprises a different SARS-CoV-2 8 glycoprotein (e g,
a SARS (CoV-2 § glycoprotein having the amino acid sequence of SEQ D NO: 132)in
embodiments, the imitial dose comprises a combination of SARS-CoV-2 § glycoproteins {eg., a
SARS CoV-2 S glycoprotein having the amino acid sequence of SEQ ID NO: 87 and a SARS
CoV-2 S glycoprotein having the amino acid sequence of SEQ 1D NO: 132). In embodiments, the
boost dose comprises a combination of SARS-CoV-2 8 glycoprotens {e.g., a SARS CoV-2 8§
elycoprotein having the amino acid sequence of SEQ ID NO: 87 and a SARS CoV-2 S
glycoprotein having the aming acid sequence of SEQ 1D NG: 132). In embodiments, the 1mutial
dose comprises a SARS-CoV-2 8 glycoprotein, a plasoud DNA encoding a SARS-Cov-2 §
glycoprotein, an viral vector encoding a SARS-CoV-2 Spike glycoprotein, or an inactivated
SARS-CoV-2 virus. In embodiments, the mwutial dose comprises a SARS-CoV-2 Spike
glycoprotein, a plasmid DNA encoding a SARS-CoV-2 Spike glycoprotein, an viral vector
encoding a SARS-Cov-2 Spike glycoprotein, or an mactivated SARS-CoV-2 virus, and the boost
dose comprises one or more SARS-CoV-2 § glycoprotes.

[0322] In embodiments, the dose, as measured in pg, may be the total weight of the dose
mcluding the solute, or the weight of the CoV S polypeptide nanoparticles, or the weight of the
CoV 8 polypeptide. Dose 1s measured using protein concentration assay either A280 or ELISA.
{08323] The dose of antigen, mcluding for pediatric administration, may be in the range of about
S ug to about 25 ug, about 1 pg to about 300 ug, about 90 ug to about 270 pg, about 100 ug to
about 160 pg, about 110 pg to about 150 ug, about 120 pg to about 140 pg, or about 140 pg to
about 160 ug. In embodiments, the dose 1s about 120 pg, admimstered with alum. In aspects, a
pediatric dose may be m the range of about 1 ug to about 90 ug. In embodiments, the dose of CoV
Spike {S) polypeptide 1s about 1 pg, about 2 pg, about 3 ug, about 4 ug, about 5 pg, about 6 pg,
about 7 ug, about 8 ug, about 9 ug, about 10 pg, about 11 pg, about 12 ug, about 13 pg, about 14
ug, about 15 ug, about 16 pg, about 17 ug, about 18 pg, about 19 ug, about 20 ug, about 21, about
22, about 23, about 24, about 25 ug, about 26 ug, about 27 pg, about 28 ug, about 29 g, about 30
ug, about 40 pg, about 50, about 60, about 70, about 80 | about 90 about 100 pg, about 110 ug,

g, about 150 pg, about 160 ug, about 170 pg, about 180

&

about 120 ug , about 130 pg, about 140 4
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o about

Py

ig, about 190 ug, about 200 pg, about 210 ug, about 220 ug, about 230 g, about 240 u
250 pg , about 260 pg, about 270 pg, about 280 ug, about 290 pe, or about 300 ug, ncluding all
values and ranges m between In embodiments, the dose of CoV § polypeptide 18 5 pg In
embodiments, the dose of CoV 8§ polypeptide i1s 25 ug. In embodiments, the dose of a CoV 8§
polypeptide 1s the same for the initial dose and for boost doses. In embodiments, the dose of a CoV
S polypeptide s the different for the iutial dose and for boost doses.

{0324} Certam populations may be adnunistered with or without adjuvants. In certain aspects,
compositions may be free of added adjuvant. In such circumstances, the dose may be increased
by about 10%.

[0325] In embodiments, the dose of the adjuvant administered with a non-naturally occurring
CoV 8 polypeptide i1s from about 1 pg to about 100 pg, for example, about 1 pg, about 2 ug, about
3 ug, about 4 ug, about 5 ug, about 6 ug, about 7 pug, about ] pg, about 9 pg, about 10 ug, about
11 pg, about 12 pg, about 13 pg, about 14 pg, about 15 pg, about 16 pg, about 17 pg, about 18
ug, about 19 ug, about 20 pg, about 21, about 22, about 23, about 24, about 25 ug, about 26 ug,
about 27 ug, about 28 ug, about 29 ug, about 30 pg, about 31 ug, about 32 ug, about 33 pug, about
34 pg, about 35 pg, about 36 pg, about 37 pg, about 38 pg, about 39 g, about 40 pg, about 41
ug, about 42 ug, about 43 pg, about 44 ng, about 45 pg, about 46 ug, about 47 ug, about 48 ug,
about 49 ug, about 50 pg, about 51 pg, about 52 pg, about 53 g, about 54 ug, about 55 ug, about
36 ug, about 57 ug, about 38 ug, about 59 ug, about 60 ug, about 61 ug, about 62 pg, about 63
ug, about 64 pg, about 65 pg, about 66 ug, about 67 pg, about 68 ug, about 69 ug, about 70 ug,

g, about 74 ug, about 75 ug, about 76 ug, about 77 ug, about

<0 tob]

about 71 ug, about 72 ug, about 73 u
78 ug, about 79 ug, about 80 ug, about 81 ug, about 82 pg, about 83 ug, about 84 ug, about 85
ug, about 86 pg, about 87 pg, about 88 ug, about 89 pg, about 90 pg, about 91 ug, about 92 ug,
about 93 ug, about 94 ug, about 95 pg, about 96 ug, about 97 ug, about 98 g, about 99 ug, or
about 100 pg of adjuvant. In embodiments, the dose of adjuvant 15 about 50 pug. In embodiments,
the adjuvant is a saponin adjuvant, e.g., MATRIX-M™,

{0326} In embodiments, the dose 1s admimstered in a volume of about 0.1 mbL to about 1.5
mi., for example, about 0.1 mL, about 0.2 mi., about .25 mL, about 0.3 mL, about 0.4 mL, about

0.5 mL, about 0.6 mL, about 0.7 mL, about 0.8 mL, about (.9 mbL, about 1.0 mL, about 1.1 mL,

about 1.2 mb, about 1.3 mL, about 1.4 mL, or about 1.5 mL. In embodimenis, the dose is

O
~1



WO 2022/203963 PCT/US2022/020974

administered in a volume of 0.25 mL. In embodiments, the dose is administered in a volume of 0.5
mb. In embodiments, the dose 1s administered in a volume of 0.6 mi.

{8327} In particular embodiments for a vaccine against MERS, SARS, or the SARS-CoV-2
coronavirus, the dose may comprise a CoV 8 polypeptide concentration of about 1 pe/mL to about
50 pg/mi., 10 ug/mb to about 100 pg/mE, about 10 ug/mb to about 50 pg/mk., about 175 pg/mL
to about 325 ug/mL, about 200 pg/mL to about 300 ug/mL, about 220 ng/mk to about 280 pg/mi,
or about 240 pg/mb to about 260 pg/mbL.

{0328] In another embodiment, the disclosure provides a method of formulating a vaccine
composition that induces immunity to an infection or at least one disease symptom thereof to a
mammal, comprising adding to the composition an effective dose of a nanoparticle or a CoV S
polypeptide. The disclosed CoV S8 polypeptides and nanoparticles are useful for preparing
composttions that stimulate an invnune response that confers imamunity or substantial immunity to
infectious agents. Thus, in one embodiment, the disclosure provides a method of mducing
mmunity to infections or at least one disease symptom thereot 1n a subject, comprising
administering at least one effective dose of a nanoparticle and/or a CoV 8 polypeptide.

{0329] In erobodiments, the CoV S polypeptides or nanoparticles coroprising the same are
administered n combination with an additional vnmunogenic composition. In embodiments, the
additional immunogenic composition induces an immune response against SARS-CoV-2. In
erobodiments, the additional immunogenic composition is administered within about 1 romnute,
about 5 minutes, about 10 minutes, about 20 munutes, about 30 minutes, about 40 minutes, about
50 minutes, about 1 hour, about 2 hours, about 3 hours, about 4 hours, about § hours, about 6 hours,
about 7 hours, about 8 hours, about 9 hours, about 10 hours, about 11 hours, about 12 hours, about
13 hours, about 14 hours, about 15 hours, about 16 hours, about 17 hours, about 18 hours, about
19 hours, about 20 hours, about 21 houss, about 22 hours, about 23 hours, about 1 day, about 2
days, about 3 days, about 4 days, about S days, about 6 days, about 7 days, about 8 days, about 9
days, about 10 days, about 11 days, about 12 days, about 13 days, about 14 days, about 15 days,
about 16 days, about 17 days, about 18 days, about 19 days, about 20 days, about 21 days, about
22 days, about 23 days, about 24 days, about 25 days, about 26 days, about 27 days, about 28 days,
about 29 days, about 30 davs, or about 31 days of the disciosed CoV S polypeptides or
nanoparticles comprising the same. In embodiments, the additional composition 15 administered

with a first dose of a composition comprising a CoV S polypeptide or nanoparticle comprising the
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same. In embodiments, the additional composition 1s administered with a boost dose of a
composition comprising a CoV § polypeptide or nanoparticle comprising the same.

{08338} In embodiments, the additional immunogenic composition comprises an mRNA
encoding a SARS-Cov-2 Spike glycoprotein, a plasmid DNA encoding a SARS-Cov-2 Spike
glycoprotern, an viral vector encoding a SARS-Cov-2 Spike glycoprotein, or an inactivated SARS-
CoV-2 virus.

{0331} In embodiments, the additional mmmunogenic composition comprises mRNA that
encodes for a CoV § polypeptide. In embodiments, the mRNA encodes for a CoV S polypeptide
comprising proline substitutions at positions 986 and 987 of SEQ 1D NG: 1. In embodiments, the
mRINA encodes for a CoV S polypeptide comprising an intact furin cleavage site. In embodiments,
the mRNA encodes for a CoV S polypeptide comprising proline substitutions at positions 986 and
987 of SEQ 13 NO: 1 and an mtact furin cleavage site. In embodiments, the mRNA encodes fora
CoV S polypeptide comprising proline substitutions at positions 986 and 987 of SEQ ID NO: 1
and an imnactive furin cleavage site. In embodiments, the mRNA encodes for a CoV S polypeptide
having an arono acid sequence of SEQ 1D NQO: 87, In embodiments, the mBRNA encoding for a
CoV 8§ polypeptide s encapsulated n a lpid panoparticle. An exemplary unmuvogenic
composition comprising mRNA that encodes for a CoV § polypeptide 1s described in Jackson et
al. N Eng J Med. 2020, An mRNA Vaccine against SARS-CoV-2- preliminary report, which is
mncorporated by reference in 1s entirety herein. In embodiments, the composition comprising
mRINA that encodes for a CoV § polvpeptide 15 administered at a dose of 25 pg, 100 pg, or 250
ng.

{0332} In embodiments, the additional mmunogenic composition comprises an adenovirus
vector encoding for a CoV K polypeptide. In embodiments, the AAVY vector encodes for a wild-
type CoV S polypeptide. In embodiments, the AAVY vector encodes for a CoV S polypeptide
comprising proline substitutions at positions 986 and 987 of SEQ ID NG 1 and an mtact furin
cleavage site. In embodiments, the AAV vector encodes for a CoV 8 polypeptide comprising
proline substitutions at positions 986 and 987 of SEQ ID NO: 1 and an nactive funin cleavage site.
In embodiments, the AAV vector encodes fora CoV S polypeptide having an amino acid sequence
of SEG 1D NO: 87. The following publications describe immunogenic compostions comprising
an adenovirus vector encoding for a CoV S polypeptide, each of which 15 incorporated by

reference in its entirety herein: van Doremalen N. et al A single dose of ChAdOx1 MERS provides
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protective immunity in rhesus macaques. Science Advances, 2020; van Doremalen N. &t al
ChAdOx1 nCoV-19 vaccination prevents SARS-CoV-2 pneumonia in rhesus macaques. bioRxiv,
(2020).

{6333} In embodiments, the additional immunogenic composition comprises deoxyribonucleic
actd (DNAY. In embodiments, the additional immunogenic composition comprises plasmid DNA.
In embodiments, the plasmud DNA encodes for a CoV S polypeptide. In embodiments, the DNA
encodes for a CoV S polypeptide comprising proline substitutions at positions 986 and 987 of SEQ
ID NO: 1 and an intact furin cleavage site. In embodiments, the DNA encodes for a CoV §
polypeptide comprising proline substitutions at posttions 986 and 987 of SEQ D NO: 1 and an
mactive furin cleavage site. In embodiments, the DNA encodes for a CoV S polypeptide having
an amino acid sequence of SEQ 1D NG: 87,

[0334] In embodiments, the additional imomunogenic composition comprises an inactivated
ViTus vaceine,

[3335] In emboduments, the CoV § polypeptides or nanoparticles comprising CoV S
polypeptides are administered 1o a patient that has or has previously had a confumed infection
caused by SARS-CoV-2 or a heterogeneous SARS-CoV-2 strain. The infection with SARS-CoV-
2 or a heterogencous SARS-CoV-2 strain may be confirmed by a nucleie acid amphfication test
{e.g., polymerase chain reaction) or serological testing {e.g., testing for antibodies against a SARS-
CoV-2 viral antigen). In emboduments, the CoV § polypeptides or nanoparticles comprising CoV
S polyvpeptides are administered to a patient at least about 3 days, at least about 1 week, at least
about 2 weeks, at least about 3 weeks, at least about 4 weeks after a patient has been diagnosed
with COVIHD-19. In embodiments, the CoV S polypeptides or nanoparticles comprising CoV S
polypeptides are administered to a patient between 1 week and 1 year after the patient’s diagnosis
with COVID-19, for example, about 1 week, about 2 weeks, about 3 weeks, about 4 weeks, about
5 weeks, about 6 weeks, about | month, about 2 months, about 3 months, about 4 months, about 5
months, about 6 months, about 7 months, about & months, about @ months, about 10 months, about
11 months, or about 1 vear. In embodiments, the CoV S polypeptides or nanoparticles comprising
CoV 8 polypeptides are administered to a patient between 1 week and 20 years after the patient’s
diagnosis with COVID-19, for example, about 1 week, about 2 weeks, about 3 weeks, about 4
weeks, about 5 weeks, about 6 weeks, about 1 month, about 2 months, abowt 3 months, about 4

months, about 5 months, about 6 months, about 7 months, about 8 months, about 9 months, about
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10 months, about 11 months, about 1 year, about 2 vears, about 3 vears, about 4 years, about 5
years, about & years, about 7 vears, about 8 vears, about 9 vears, about 10 years, about 11 years,
about 12 years, about 13 years, about 14 years, about 15 vears, about 16 vears, about 17 years,
about 1% years, about 19 years, or about 20 years.

{0336} In embodiments, the CoV S polypeptides or nanoparticles comprising the same are
admirnustered after the patient has been admuustered a first immunogenic composition. Non-
Iimiting examples of first immunogenic compositions include a SARS-CoV-2 Spike glycoprotein,
an mRNA encoding a SARS-Cov-2 Spike glycoprotein, a plasmid DNA encoding a SARS-Cov-2
Spike glycoprotein, an viral vector encoding a SARS-Cov-2 Spike glycoprotein, or an mactivated
SARS-CoV-2 virus. In embodiments, the CoV 8 polypeptides or nanoparticles comprising the
same are admunistered between about 1 week and about 1 year, between about 1 week and 1 month,
between about 3 weeks and 4 weeks, between about 1 week and 5 years, between about | yvear and
about 5 years, between about 1 yvear and about 3 vears, between about 3 years and about 5 years,
between about S years and about 10 years, between about 1 year and about 10 vears, or between
about 1 year and about 2 vears after adnunistration of the fust vmmunogenic composition. In
embodimaents, the CoV 8§ polypeptides or nanoparticles comprising the same are adminmstered
between about | week and about 1 vear after administration of the first immunogenic composition,
for example, about 1 week, about 2 weeks, about 3 weeks, about 4 weeks, about 5 weeks, about 6
weeks, about 7 weeks, about 8 weeks, about ¢ weeks, about 10 weeks, about 1 month, about 2
months, about 3 months, about 4 months, about 5 months, about 6 months, about 7 months, about
& months, about 9 months, about 10 months, about 11 months, or about 1 year after administration
of the first immunogentc composition.

{08337} In embodiments, the CoV § proteins or nanoparticles comprising CoV S proteins are
useful for preparing immunogenic compositions to stimulate an immune response that confers
momunity or substantial immumty to one or more of MERS, SARS, SARS-CoV-2, and a
heterogeneous SARS-CoV-2 strain.  Both mucosal and cellular immunity may contribute to
momunity to mfection and disease. Antibodies secreted locally in the upper respiratory tract are a
major factor m resistance to natural infection. Secretory immunoglobulin A {slgA} s mvolved in
protection of the upper respiratory tract and serum 1gG in protection of the lower respiratory tract.
The immune response induced by an infection protects against reinfection with the same virus or

an antigenically similar viral strain. The antibodies produced in a host after immunization with
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the nanoparticles disclosed herein can also be administered to others, thereby providing passive
administration in the subject.

{0338} In embodiments, the CoV 8§ proteins or nanoparticles comprising CoV S proteins
mduce cross-neutralizing antibodies against SARS-CoV-2 viruses containing § proteins with one
or more modifications selected from:

{a} deletion of one or more anuno acids of the NTD, wherein the one or more amino acids
are selected from the group consisting of amuno acid S6, 57, 131, 132, 229, 230, 231, or
combinations thereof, and

(b} mutation of one or more amino acids of the NTD, wherein the one or more mutations
are selected from the group consisting of amino acid 67, 82, 133, 229, 202, 209, 240, 139, 5, 233,
7,13, 125, 177, or combinations thereof;

(¢} mutation of one or more amivo acids of the RBID wheren the ove or more mutations is
selected from the group consisting of armmno acid 488, 404, 471, 464, 439, 481, 426, 440, and
combinations thersof;

{d) mutation to one or more amino acids of the SD1/2 | wherem the one or more amino
acids 1s selected from the group consisting of 601, 357, 668, 642, and comnbmnations thereof;

(e} an mactive furin cleavage site {corresponding to one or more mutations in amino acids
669-672):;

(£} deletion of ove or more amwmno acids of the 52 subunit, wherein the ammeo acids are
selected from the group consisting of 676-702, 702-711, 775-793, 806-81S, and combinations
thereof

(g} mutation of one or more amino acids of the $2 subunit, wherein the amino acids are
selected from the group consisting of 973, 974, 703, 1105, 688, 969, 1014, and 1163; and
combimations thereof

{h} deletion of one or more amno acids from the TMCT {amino acids 12011260}, wheremn
the amino acids of the CoV § glycoprotein are numbered with respect to SEQ 1D NO: 2.

{08339] In embodiments, the CoV S proteins or nanoparticles comprising CoV S proteins
induce cross-neutralizing antibodies against SARS-CoV-2 viruses containing S proteins with one
or more modifications selected from: deletions of amuno acid 56, deletion of amino acid 37,

deletion of amino acid 131, N488Y, ASSTD, D601G, POO8H, T703L S96%A, D110SH, N426K,

102



WO 2022/203963 PCT/US2022/020974

and Y440F, wherein the amino acids are numbered with respect to a CoV S polypeptide having an
amino acid sequence of SEQ ID NO: 2.

{0340} In embodiments, the CoV § protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses containing § proteins with one or more
modifications selected from: deletions of aming acid 36, deletion of amino acid 537, deletion of
aminoacid 131, N48&Y, AS57D, DOO1G, Poo8H, T7031 S969A, and DI 10SH, wherein the amino
acids are numbered with respect to a CoV 8 polypeptide having an amino acid sequence of SEQ
D NG 2,

{0341} In embodiments, the CoV S protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses containing 8 proteins with one or more
modifications selected from: D67A, D202, L229H, K404N, E471K, N438Y, D6OIG, and
AGRRY, wherein the amnmo acids are numbered with respect to a CoV S polypeptide having an
aroino acid sequence of SEQ ID NO: 2.

[0342] In embodiments, the CoV 5 protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses containing S proteins with one or more
modifications selected from: deletion of amino acds 229-231, DOTA, D202G, K404N, E471K,
N438Y, DO0IG, and AGB8Y, wherein the anuno acids are numbered with respect to a CoV 8
polypeptide having an ammo acid sequence of SEQ ID NG 2

{0343] Tn embodiments, the CoV S protein or nanoparticle comprising a CoV 8 protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses containing S proteins with one or more
modifications selected fromy deletion of amine acids 229-231, LSF, D6TA, DB202G, K404N,
E471K, N48RY, 601G, and A688V wherein the ammo acids are nombered with respecttoa CoV
S polypeptide having an amuno acid sequence of SEQIDNG: 2.

[0344] In embodiments, the CoV 8 protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-{CoV-2 viruses confaining S proteins with one or more
modifications selected from: LSE, TTN, P13, D125Y, R1778, K404T, B471K, N488Y, D60IG,
Ho42Y, T10141, and V1163F, wheremn the amino acids are numbered with respect to a {oV &
polvpeptide having an ammno acid sequence of SEQ ID NG 2,

{034 5] In embodiments, the CoV § protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses with an S protein comprising one or

more modifications selected from: W139C and L439R, wherein the amino acids are numbered
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with respect to a CoV § polypeptide having an amino acid sequence of SEQ ID NG 2. In
embodiments, the CoV § protemn comprising W139C and L439R modifications is expressed with
a signal peptide having an amino acid sequence of SEQ ID NO: 117 or SEQ D NO: 5. In
embodiments, the CoV § protein or nanoparticle comprising a CoV § protein induces cross-
neutralizing antibodies against SARS-CoV-2 viruses with one or more medifications selected
from: DO01G, WI39C, and L439R, wherein the ammo acids are numbered with respect to a CoV
S polypeptide having an amino acid sequence of SEQ ID NO: 2. In embodiments, the CoV §
protein or nanoparticle comprising DOCIG, W139C, and L439R modifications 1s expressed with a
signal peptide having an amino acid sequence of SEQ 1D NO: 117 or SEQ D NG S

{0346] In embodiments, the CoV § protein or nanoparticle comprising a CoV S protein induces
cross-neutralizing antibodies against SARS-CoV-2 viruses with one or more modifications
selected from: DO0LG, LSF, DE7A, D202G, deletions of amino acids 229-231, R2331, K404N,
E471K, N488Y, and AGE8Y, wherein the ammo acids are numbered with respect to a CoV 8
polypeptide having an amino acid sequence of SEQ ID NG: 2. In embodiments, the CoV § protem
or nanoparticle comprising a CoV § protein mduces cross-neutralizing antibodies against SARS-
CoV-2 viruses with one or more modifications selected from: L3F, D674, D202G, deletions of
amino acids 229-231, R2331, K404N, E471K, N488Y, and AGERY, wherein the aming acids are
numbered with respect to a CoV S polypeptide having an anuno acid sequence of SEQ ID NGO: 2.
[0347] In embodiments, the present disclosure provides a method of producing one or more of
high affinity anti-MERS-CoV, anti-SARS-CoV, and anti-SARS-CoV-2 virus antibodies. The high
affinity antibodies produced by immunization with the nanoparticles disclosed herein are produced
by admunstering an immunogenic composition comprising an S CoV polypeptide or a nanoparticle
comprising an S CoV polypeptide to an amumal, collecting the serum and/or plasma from the
animal, and purifying the antibody from the serum/ and or plasma. In one embodiment, the animal
18 a human. In embodiments, the animal 15 a chicken, mouse, guimea pig, rat, rabbit, goat, human,
horse, sheep, or cow. In one embodiment, the animal 1s bovine or equine. In another embodiment,
the bovine or equing animal 15 transgenic. In yet a further embodiment, the transgenic bovine or
equine animal produces human antibodies. In embodiments, the animal produces monoclonal
antihodies. In embodiments, the amimal produces polyclonal antibodies. In one embodiment, the
method further comprises adminisiration of an adjuvant or immune stimulating compound. In a

further embodiment, the purified high affinity antibody 1s administered to @ human subject. In one
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embodiment, the human subject 1s at risk for infection with one or more of MERS, SARS, and
SARS-CoV-2.

{0348] In embodiments, the CoV S proteins or nanoparticles are co-administered with an
mfluenza glycoprotein or nanoparticle comprising an influenza glycoprotein.  Suitable
glycoproteins and nanoparticles are described i US Publication No. 2018/0133308 and US
Publication No. 2019/0314487, each of which is incorporated by reference herein in its entirety.
In emnbodiments, the CoV S protein or nanoparticle 1s coadministered with: {a) a detergent-core
nanoparticle, wherein the detergent-core nanoparticle comprises a recombinant influenza
hemagglutinin (HA} glycoprotein from a Type B influenza strain; and (b} a Hemagglutinin
Saponin Matrix Nanoparticle (HaSMaN}, wherein the HaSMaN comprises a recombinant
mnfluenza HA glycoprotein from a Type A influenza strain and ISCOM matrix adjuvant. In
embodiments, the CoV 8 protein or nanoparticle is coadmmistered with a nanoparticle comprising
a non-tonic detergent core and an wnfluenza HA glycoprotein, wherein the mfluenza HA
glycoprotein contains a head region that projects outward from the non-ionic detergent core and a
transmembrane domatn that 1s associated with the non-1onic detergent core, wherein the mfluenza
HA glycoprotemn 15 a HAO glycoprotein, wherein the ammno acid sequence of the mnfluenza HA
glycoprotein has 100% identity to the amino acid sequence of the native influenza HA protein. In
embodiments, the influenza glycoprotein or nanoparticle 1s coformulated with the CoV S protein
or nanoparticle.

[0349] All patents, patent applications, references, and journal articles cited in this disclosure

are expressly mncorporated herein by reference in their entireties for all purposes.
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EXAMPLES
Example 1

Expression and Purification of Coronavirus Spike {(8) Polypeptide Nanoparticles

{0350] The native coronavirus Spike (8) polypeptide (SEQ ID NO: 1 and SEQ ID NG:2) and
CoV Spike polypeptides which have amino acid sequences corresponding to SEQ ID NOS: 3, 4,
3§, 41, 44, 48, 51, 54, 58, 61, 63, 65,67, 73, 75,78, 79,82, 83, 85, 87, 146, 108, 89, 112-115, 132,
133, 114, 138, 141, 144, 147 151, 153, 156, 158, 164-168 have been expressed n a baculovirus
expression system and recombinant plaques expressing the coronavirus Spike (8} polypeptides
were picked and confirmed. In each case the signal peptide 18 SEQ ID NG: 5. Fig, 4 and Fig. 9
show successful purification of the CoV Spike polypeptides BV2364, BV2365, BYV2366, BV2367,
BYV2308 BV2369, BY2373, BV2374, and BY2375. Table 2 shows the sequence characteristics of
the aforementioned CoV Spike polypeptides.

Table 2: Selected CoV Spike Polypeptides

CoV 5 polypeptide Modification SEQ ID NG,
BV2364 Deleted N-Terminal Domain 48
BV2365 Inactive furin cleavage site 4
BV2361/BV2366 Wild-tvpe 2

His-tag

BV2367 Deletion of anuno acids 675-685, | 63
mactive furin cleavage siie

BV2368 Deletion of amino acids 702-711, | 65
mactive furin cleavage sie

BV2359 Deletion of amino acids 306-815, | &7
mactive furin cleavage site

BV2373, formulated into a Inactive furin cleavage site, 87

composition referred to herein as | K973P mustation, V74P mutation

NVX-CoV23737

BV2374 K973P nwtation, V74P mutation | 85

BVY2374 Inactive furin cleavage site and 38
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BV2384

Inactive furin cleavage site
{GSAR), K973P, V974P moutation

1o

BV2433

Inactive furin cleavage sie,
K973P, V974 mutation, deletions
of amino acid 56, deletion of
anuno acid 57, deletion of aming
acid 131, N488Y mutation,
AS57D mutation, D6G1G
routation, PO68H mutation, T7031
nwatation, S969A mutation, and
D1105H mutation

114

BV2426

Inactive furin cleavage sie,
K973P mutation, V974P nutation,
D67 A mutation, D202G mutation,
L220H mutation, K404N
mutation, BE47 1K mutation,
N488Y mutation, D601G
mutation, and AGHEY mutation

BV2438

Inactive furin cleavage site
(QOAQ: SEQID NG 7), K973
mutation, V974 mutation,
K404N mutation, E471K
awtation, N4B8Y mutation, DOTA
mutation, D202 onitation,
L.229H mutation, D6OIG
mutation, A688Y mutation

BV2423

Inactive furin cleavage site (GG),
K973P mutation, VY74P nnutation,
601G mutation

BV2425

Inactive turie cleavage site
(AL SEGQG ID NG 7), K873P
mutation, V974P mutation,
deletion of amino acids 536, 57, and
131, N488Y mutation, AS57D
mutation, 601G owtation,

P668H nutation, T703] mutation,
SO69A mutation, D116SH
mutation

4

BV2425-2

Inactive funin cleavage site (GG),
K973P nutation, V974P mutation,
deletion of ammo acids 36, 57, and
131, N4RBY mmtation, ASS7D
mutation, D601G mutation,

P668H mutation, T7031 nwtation,

fi—
sk
o
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SO69A nustation, D1105H
mutation

BV2439

Inactive furin cleavage site (GG),
K973P muation, V974P mutation,
K404N nwtation, 471K
mutation, N488K nutation, D67A
mutation, D202G mutation,
L229H mutation, D6OIG
mutation, AG88Y mutation

14}

BV244i

Inactive furin cleavage site
(QOAQ: SEQID NG 7), Ke73p
mutation, V974P mutation,
K404N mutation, E471K
outation, N488Y mutation, DO7A
mutation, D202 onitation,
601G mudation, AGBEY
mutation, deletions of amino acids
229.231

144

BV2442

Inactive funn cleavage site (GG),
K.973P mutation, V974P matation,
K404N mutation, E471K
mutation, N488Y nwutation, D67A
awtation, D202G mutation,

D60 1G mutation, AG88Y
mutation, deletions of amine acids
229231

BV2443

Inactive furin cleavage site
(QQAQ: SEQID NOG: 7y, K973P
mutation, VO74P mutation, T7N
mutation, P138 mutation, D125Y
mutation, 1778 mutation, K4047T
mutation, E471K nutation,
N488Y mutation, DO0IG
mutation, H642Y mautation,
TI014Y mutation, V1163F
mutation

BV2448

Inactive furin cleavage site
(QQAQ: SEQIDNG: 7), K973P
nwatation, VO74F mutation,
W139C mutation, S481P
mutation, D601G mutation,
L439R mutation

153

BV1326NY-1

Inactive furin cleavage site
(QOAQ: SEQ D NG: 7), K973P
mutation, VO74F mutation, T8

156
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mutation, D240G mutation,
E471K mutation, 601G
mutation, AG83V mutation

BV1.526NY-2

Inactive furin cleavage site
(QQAQ: SEQID NG: 7), K973p
mutation, V974P nutation, T821
mutation, D240G mutation,
E464K mutation, D6OIG
mutation, AG88Y mutation

BV2465

Mutations: TOR, (312913, R145G,
LA39R, T465K, Do01IG, Poo8R,
D937G, K973P, VO74P, Inaciive
Furm Cleavage siic (QQAQ: 5EQ
IDNG: 7N

Dieletion: 143, 144

164

BVY2457

T82L, G129 E141K L439R,
T471Q, De01G, PERRR, Q1058H,
K973P, V974P, Inactive Furin
Cleavage site (QQAQ: SEQ D
NG 7)

165

BV2472

Mutations: T6R, G129D. R145G,
K404N, L439R, T465K, DOOIG,
POO8R, D¥937G, W2451, K973P,
V374P, Inactive Furin Cleavage
stie (QQAQ: SEGID NG 7)

Dieletion: 143, 144

166

BV2480

T82L, Y1318, YI32N, R333K,
E471K, N488Y, DEOIG PGOBH,
DE837N, Inactive Furin Cleavage
stig (QOAQ: SEQID NG 7),
K973P mutation, VI74F mutation

167

BV 2481

T82E Y1317, Y1328, R333K,
E471K, N488Y, Do, Po6SH,
D937N, Inactive Furin Cleavage
site {QOAQ: SEQID NG 7y,
K973P mutation, V974P mutation

Insertion of asparagine after amino
acid 132

168
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{08351} The wild-type BY2361 protein {SEQ ID NO: 2) binds to human angiotensin-converting
enzvme 2 precursor {RACE2} Bio-layer interferometry and ELISA were performed to assess

binding of the CoV 8 polypeptides.

Bio-layer interferometry (BLI)

[6352] The BLI experiments were performed using an Octet QK384 system (Pall Forté Big,
Fremont, CA). His-tagged human ACE2 (2 ug mL-1) was immobilized on nickel-charged Ni-NTA
biosensor tips. After baseline, SARS-CoV-2 S protein containing samples were 2-fold serially
diluted and were allowed to associate for 600 seconds followed by dissociation for an additional
900 sec. Data was analyzed with Octet software HT 101:1 global curve fit.

18353} The CoV S polypeptides BV2361, BV2365, BV236%9, BV2365, BV2373, BV2374
retain the ability to bind to hACE2 (Fig. 8, Figs. 11A-C). Dissociation kinetics showed that the S-
proteins remained fightly bound as evident by mumimal or no dissociation over 900 seconds of
observation in the absence of fluid phase S protein (Figs. 11A-C).

[0354] Furthermore, binding 15 specitic. The wild-type CoV S protein, BV2361 and the CoV
S polypeptides BV2365 and BV2373 do not bind the MERS-CoV receptor, dipeptidyl peptidase
IV (DPP4). Addiionally, the MERS 8 protein does not bind to human angiotensm-converting
enzyme 2 precursor (hACE2) (Fig. 6 and Figs. 11D-F).

FLISA

[355] The specifieity of the CoV S polypeptides for BACEZ was confirmed by ELISA
Ninety-six well plates were coated with 100 pl. SARS-CoV-2 spike protern {2 pg/mb.) overmght
at 4°C. Plates were washed with phosphate buffered saline with 0.05% Tween (PBS-T) buffer and
blocked with TBS Startblock blocking buffer {ThermoFisher, Scientific). His-tagged hACE2 and
hDPP4 receptors were 3-fold senally diloted (5-0.0001 ug mi-1} and added to coated wells for 2
hours at room temperature. The plates were washed with PBS-T. Optimally dihuted horseradish
peroxidase (HRP)} conjugated anti-histidine was added and color developed by addition of and
3,3°.5,5 ~tetramethylbenzidine peroxidase substrate {(TMB, T0440-11, Sigma, St Lows, MO,
USA}. Plates were read at an OD of 450 nm with a SpectraMax Plus plate reader (Molecular
Devices, Sunnyvale, CA, USA) and data analyzed with SofiMax software. ECS50 values were

calculated by 4-parameter fitting using GraphPad Prism 7.05 software.
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{0356} The BELISA results showed that the wild-type CoV 8 polypeptide (BV2361}), BY2365,
and BV2373 proteins specifically bound hACEZ but failed to bind the hDPP-4 receptor used by
MERS-CoV (IUse >5000 ng mbL-1}. The wild-tvpe CoV § polypeptide and BY2365 bound to
hACEZ with similar affimty (1CUse = 36-38 ng/mb), while BV2373 attained 50% saturation of
hACE2 binding at 2-fold lower conceniration (1Cse = 18 ng/mb) (¥Fig, 7, Figs., 11D-F).

Protein and Nanoparticle Production

{0357} The recombinant virus 1s amplified by infection of Sf9 insect cells. A culture of insect
cells 1s infected at ~3 MOI (Multiplicity of infection = virus ffu or pfu/cell} with baculovirus. The
culture and supernatant is harvested 48-72 hrs post-infection. The crude cell harvest,
approximately 30 mL, 15 clarified by centrifugation for 15 minutes at approximately 800 x g. The
resulting crude cell harvests containing the coronavirus Spike (8) protein are purified as
nanoparticles as described below.

{0358] To produce nanoparticles, non-ionic surfactant TERGITOL® nonylphenol ethoxylate
NP-9 15 used in the membrane protein extraction protocol. Crude extraction 1s further puritied by
passing through anion exchange chromatography, lentil lectin affinity/HIC and cation exchange
chromatography. The washed cells are lysed by detergent treatment and then subjected to low pH
treatment which leads to precipitation of BV and S{9 host cell DNA and protein. The neutralized
iow pH treatment lysate 5 clanfied and further purified on amon exchange and atfimty
chromatography before a second low pH treatment 15 performed.

{8359} Affinity chromatography 1s used to remove S9/BV proteins, DNA and NP-9, as well
as to concentrate the coronavirus Spike (S} protein. Briefly, lentit lectin is 2 metalloprotemn
containmg calcium and manganese, which reversibly binds polysacchanides and glycosylated
proteins containing glucose or mannose. The coronavirus Spike (8) proten ~containing anion
exchange flow through fraction s loaded onto the lentit lectin affimty chromatography resin
{Capto Lentil Lectin, GE Healthcare}. The glycosylated coronavirus Spike (S) protein i3
selectively bound to the resin while non-glycosylated proteins and DNA are removed in the
cobumn flow through, Weakly bound glyeoproteins are removed by buffers contaming high salt
and low molar concentration of methyl alpha-D-mannopyranoside {MMP).

{0360} The column washes are also used to detergent exchange the NP-9 detergent with the
surfactant polysorbate 80 (PS80). The coronavirus Spike (8) polypeptides are eluted in

nanoparticle structure from the lentil lectin column with a high concentration of MMP. After
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elution, the coronavirus Spike (S} protein trimers are assembled into nanoparticles composed of

coronavirus Spike (8} protein trimers and PS80 contained in a detergent core.

Example 2

Immunogenicity of Coronavirus Spike {5} Polypeptide Nanoparticle Yaccines in Mice
10361} The corenavirus Spike (8} protein composttion comprising a2 CoV S polypeptide of
SEQ 1D NO: 87 (also called “BV23737} as described in Example 1 was evaluated for
immunogenicity and toxicity in a murine model, using female BALB/c mice (7-9 weeks old;
Harlan Laboratories Inc,, Frederick, MDY} The compositions were evaluated in the presence and
in the absence of a saponin adjuvant, e.g., MATRIX-M™. Compositions containing MATRIX-
M™ contained 5 pg of MATRIX-M™. Vaccines containing coronavirus Spike (8} polypeptide
at various doses, including 0.01 pg, 0.1 pg, 1 pe, and 10 pug, were admimistered intramuscularly
as a single dose {also referred to as a single priming dose) (study day 14} or as two doses {also
referred to as a prime/boost regimen) spaced 14-days apart (study day 0 and 14). A placebo group
served as a non-immunized control. Serum was collected for analysis on study days -1, 13, 21, and
28 Vaccinated and countrol anumals were intranasally challenged with SARS-CoV-2 42 days
following one {(a single dose) or two (two doses) immunizations.

Vaccine lmmunogenicity

[8362] Avnimals immumzed with a single priming dose of 0.1-10 ug BV2373 and MATRIX-
M™ had elevated anti-S Ig(G titers that were detected 21-28 days after a single immunization (Fig,
13B). Mice immunized with a 10 ug dose of BV2373 and MATRIX-M™ produced antibodies that
blocked hACEZ2 receptor binding to the CoV S protein and virus neutralizing antibodies that were
detected 21- 28 days after a single priming dose (Fig. 14 and Fig, 15). Animals immunized with
the prime/boost regimen (two doses) had significantly elevated anti-S Ig(G titers that were detected
7-16 days following the booster immunization across all dose levels (Fig. 13A). Ammals
wamunized with BV2373 (1 pg and 10 pg) and MATRIX-M™ had similar high anti-5 IgG titers
followmg mmunization (GMT = 139,000 and 84,000, respectively). Mice wmmunized with
BVY2373(0.1 ug, 1 ng, or 10 pg) and MATRIX-M™ had significantly (p < 0.05 and p < 0.0001)

higher anti-S Ig (G titers compared to mice immunized with 10 ug BV2373 without adjuvant (Fig.
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13A). These results indicate the potential for 10- to 100-fold dose sparing provided by the
MATRIX-M™ adjuvant. Furthermore, immunization with two doses of BV2373 and MATRIX-
MM elicited high titer antibodies that blocked hACE2 receptor binding to S-protein (150 = 218
— 1642} and neutralized the cytopathic effect (CPE) of SARS-CoV-2 on Vero E6 cells (100%
biocking of CPE = 7680 — 20,000} across all dose levels (Fig. 14 and Fig. 15).

SARS CoV-2 Challenge

{0363} To evaluate the induction of protective tmmunity, immunized mice were challenged
with SARS-CoV-2. Since mice do not support replication of the wild-type SARS-CoV-2 virus, on
day 52 post initial vaccination, mice were ntranasally infected with an adenovirus expressing
hACEZ2 (Ad/WACE2) to render them permissive. Mice were intranasally inoculated with 1.5 x 10°
pfu of SARS-CoV-2 in 30 ulL divided between nares. Challenged mice were weighed on the day
of infection and daily for up to 7 days post mfection. At 4- and 7-days post infection, 5 mice were
sacrificed from each vaccimation and control group, and lungs were harvested and prepared for
pulmonary histology.

{8364} The vural titer was quantified by a plaque assay. Briefly, the harvested lungs were
homogenized n PBS using 1.0 mum glass beads (Sigma Aldrich) and a Beadruptor (Omuu
International Inc ). Homogenates were added to Vero E6 near confluent cultures and SARS-CoV-
2 virus titers determined by counting plaque forming urnats (pfu) using a 6-point dilution curve
[0365] At 4 days post infection, placebo-treated mice had 10° SARS-CoV-2 pfu/lung, while
the mice inununized with BV2363 without MATRIX-M™ had 1¢° pfuwlung (Fig. 16). The
BV2373 with MATRIX-M™ prime-only groups of mice exhibited a dose dependent reduction in
virus titer, with recipients of the 10 yg BV2373 dose having no detectable virus at day 4 post
mfection. Mice receiving 1 ug, 0.1 ug and 0.01 pg BV2373 doses all showed a marked reduction
i titer compared to placebo-vaccmated mice. In the prime/boost groups, mice immunized with 10
pg, 1 pg and 0.1 ug doses had almost undetectable huing virus loads, while the 0.01 ug group
displayed a reduction of 1 log reduction relative to placebo animals.

{8366} Weight loss paralleled the viral load findings. Animals receiving a single dose of
BY2373 (0.1 ug, 1 pg, and 10 ug) and MATRIDC-M™ showed marked protection from weight loss
compared to the unvaccinated placebo animals (Fig, 17A). The mice receiving a prime and boost
dose with adiuvant also demonstrated significant protection against weight loss at all dose levels

{Kigs, 17B-C). The effect of the presence of adjuvant on protection against weight loss was
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evaluated. Mice receiving the prime/boost {two doses) plus adjuvant were significantly protected
from weight loss relative to placebo, while the group immunized without adjuvant was not {Fig.
17C). These results showed that BV2373 confers protection agamst SARS-CoV-2 and that fow
doses of the vaccing associated with lower serologic responses do not exacerbate weight loss or
demonstrate exaggerated iliness.
{0367} Lung histopathology was evaluated on days 4 and day 7 post infection (Fig, 18A and
‘ig, 188). At day 4 post infection, placebo-immunized mice showed denudation of epithelial cells
m the large atrways with thickening of the alveolar septa surrounded by a mixed inflammatory cell
population. Periarteriolar cuffing was observed throughout the lungs with inflammatory cells
consisting primartly of neutrophils and macrophages. By day 7 post infection, the placebo-treated
nuce displaved peribronchiolar inflammation with increased periarteriolar cuffing. The thickened
alveolar septa remained with increased diffuse mnterstitial inflamumation throughout the alveolar
septa (¥Fig. 18B).
[6368] The BV2373 immunmzed mice showed significant reduction i lung pathology at both
day 4 and day 7 post mfection in a dose-dependent manner. The prime only group displays reduced
inflammation at the 10 ug and | pg dose with a reduction in mflammation surrounding the bronchi
and arterioles compared to placebo mice. In the lower doses of the prime-only groups, tung
inflammation resembles that of the placebo groups, correlating with weight loss and lung virus
titer. The prime/boost immunized groups displayed a significant reduction in lung inflamnmation
for all doses tested, which agam correlated with lung viral titer and weight loss data. The epithehal

b
ll

cells 1 the large and small bronchi at day 4 and 7 were substantially preserved with minimal
bronchiolar sloughmg and signs of viral infection. The arterioles of anmmals immuonized with 10
pg, 1 pg and 0.1 ug doses have mummal mflammation with only moderate cuffing seen with the
0.01 ug dose, simular to placebo. Alveolar mflammation was reduced in animals that received the
higher doses with only the lower 0.01 pg dose associated with inflamnmation (Figs, 184-188).

ey
I
7

These data demonstrate that BY2373 reduces lung inflammation after challenge and that even
doses and regimens of BYV2373 that elicit murumal or no detectable neutralizing activity are not
associated with exacerbation of the inflammatory response to the virus. Furthermore, the vaccine
does not cause vaccine associated enhanced respiratory disease {(VAERD} in challenged mice.

1" Cell Response

1i4
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10369} The effect of the vaccine composition comprising a CoV 8§ polypeptide of SEQ 1D NO:
&7 on the T cell response was evaloated. BALB/c mice (N = 6 per group} were immunized
intramuscularly with 10 pg BV2373 with or without 5 pg MATRIX-M™ in 2 doses spaced 21-
days apart. Spleens were collected 7-days after the second immunization (study day 28). A non-
vaccinated group (N =3} served as a control.

{0376]  Antigen-specific T cell responses were measured by ELISPOT™ enzyme linked
mnmunosorbent assay and intracellular cytokine staining (ICCS) from spleens collected 7-davs
after the second immunization {study day 28). The number of IFN-y secreting cells after ex vivo
stimulation increased 20-fold {p = 0.002) i spleens of mice immunized with BY2373 and
MATRDCM™ compared to BV2373 alone as measured by the ELISPOT™ assay (Fig. 19). In
order to examine CD4+ and CD8+ T cell responses separately, ICCS assays were performed in
combination with surface marker staining. Data shown are gated on CD44hi CD62L- effector
memory T cell population. The frequency of IFN-vy+, TNF-o+, and IL-2+ cytokine-secreting CD4+
and CD8+ T cells was significantly higher {p <0.0001) n spleens from nuce wnmunized with
BV2373 as compared to mice immunized without adjuvant (Fig, 20A-C and Fig. 21A-C). Further,
the frequency of multtfunctional CD4+ and CD8+ T cells, which sumultaneously produce at least
two or three cytokines was also significantly increased {p <0.0001) in spleens from the BV2373/
MATRIX-M™ inununized mice as cormpared to mice immumnized in the absence of adjuvant (Figs.
20D-FE and Figs., 21D-E). Immunization with BV2373/ MATRDGM™ resulted in hugher
proportions of multifunctional phenotypes {e.g., T cells that secrete more than one of IFN-y, TNF-
o, and [L-2) within both CD4+ and CD8+ T cell populations. The proportions of multifunctional
phenotypes detected in memory CD4+ T cells were higher than those in CD&+ T cells {Fig. 22).
{8371} Type 2 cytokine IL-4 and IL-S secretion from D4+ T cells was also determined by
ICCS and ELISPOT™ respectively. Immunization with BV2373/ MATRIX-M™ als0 increased
type 2 cytokine IL-4 and IL-5 secretion {2-fold} compared to omunization with BV2373 alone,
but to a lesser degree than enhancement of type 1 cytokine production (e.g. IFN-y increased 20-
fold) (Figs. 23A-C). These results indicate that administration of the MATRIN-M™ adjuvant
skewed the CD4+ T cell development toward Thl responses.

{0372} The effect of immunization on germinal center formation was assessed by measuring
the frequency of (D4 T follicular helper (TFH) cells and germinal center (GC) B cells in spleens.

MATRIX-M™ administration significantly increased the frequency of TFH cells {CD4+ {'XCRS+
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PD-1+} was sigmificantly increased {p = 0.01}, as well as the frequency of GC B cells

{CD19+GL7+CDo5+) {p = 0.0002) in spleens {Figs. 24A-B and Figs. 25A-8).

Example 3

Immunogenicity of Coronavirus Spike (5) Polypeptide Nanoparticle Vaccines in {live
Baboons

{8373} The immunogenicity of a vaccine composition comprising BV2373 in baboons was
assessed. Adult olive baboons were immunized with a dose range {1 ug, 5 ug and 25 ug) of
BV2373 and 50 ug MATRIX-M™ adjuvant administered by intramuscular (IM) injection in two
doses spaced 21-days apart. To assess the adjuvanting activity of MATRIX-M™ in non-human
primates, another group of arumals was immunized with 25 pg of BV2373 without MATRIX-
M™ Anti-S protein IpG titers were detected within 21-days of a single priming immunization in
animals immunized with BV2373/ MATRIX-M™ across all the dose levels (GMT = 1249-
19,000}, Anti-S protein 1pG titers increased over a log {GMT = 33,000-174,000) within 1 to 2
weeks following a booster imrounization (days 28 and 35) across all of the dose levels. (Fig. 26A).
[0374] Low levels of hACE2 receptor blocking antibodies were detected i animals following
a single imrounization with BV2373 (5 pg or 25 ug) and MATRIDGCM™ (GMT = 22-37). Receptor
blocking antibody titers were significantly 1ncreased within one to two weeks of the booster
immunization across all groups immumzed with BV2373/ MATRIX-M™ (GMT = 150-600) (Fig.
268). Virus neutralizing antibodies were elevated (GMT = 190-446) across all dose groups after
a single immunization with BY2373/ MATRIX-M™ Animals immunized with 25 ug BV2373
alone had no detectable antihodies that block S-protein binding to hACEZ2 (Fig. 26C). Neutralizing
titers were mereased 6- to 8-fold one week following the booster immunization (GMT = 1160~
3846). Neutralizing titers increased an addwonal 25- to 38- fold following the second
immunization {GMT = 6400-17,000) (Fig. 26C}. There was a significant correlation (p <0.0001)
between anti-S IgG levels and neutralizing antibody titers {(Fig. 27} The tmmunogenicity of the
adjuvanted vaccine in nonhuman primates 1s consistent with the results of Example 2 and further
supports the role of MATRIX-M™ in promoting the generation of neutralizing antibodies and

dose sparing.
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{0375} PBMCs were collected 7 days after the second immumization {day 28), and the T cell
response was measured by ELISPOT assay. PBMCs from animals immunized with BY2373 (5 ug
or 25 ug) and MATRIX-M’™ had the highest number of IFN-y secreting celis, which was S-fold
greater compared to ammals immunized with 25 pg BV2373 alone or BV2373 {1 pg) and
MATRIX-M™ (Fig. 28). By ICCS analysis, immunization with BV2373 (5 pg) and MATRIX-
M™ showed the highest frequency of IFN-y+, IL-2+, and TNF-o+ CD4+ T cells (Figs. 29A-C).
This trend was also true for multifunctional CD4+ T cells, in which at least two or three type 1

cytokines were produced simultaneously (Figs. 29D-E).

Example 4.

Structural Characterization of Coronaviras Spike (S) Polypeptide Nanoparticle Vaccings
{0376} Transnussion electron microscopy {TEM) and two dimensional (2D class averaging
were used to determine the ultrastructure of BV2373. High magmufication (67,000x and 100,000x)
TEM images of negatively stained BV2373 showed particles corresponding to S-protein
homotrimers.

{0377} An automated picking protocol was used to construct 2D class average images (Lander
GO et all J Struce Biod, 166, 95-102 (2009); Sorzano C.O. et al, J Struct Biol. 148, 194-204
(20041). Two rounds of 2D class averaging of homotrimeric structures revealed a tnangular
particle appearance with a 15 nm length and 13 nm width (Fig. 18, top left). Overlaving the
recently solved crvoEM structure of the SARS-CoV-2 spike protein (EMD 1D 21374) over the
2D BV2373 mage showed a good fit with the crown-shaped ST (NTD and RBD) and the 82 stem
{Fig. 10, bottom left). Also apparent in the 2D images was a faint projection that protruded from
the tip of the trimeric structure opposite of the NTD/RBD crown (Fig, 10, top right). 2D class
averaging using a larger box size showed these faint projections form a connection between the S-
trimer and an amorphous structure. (Fig. 16, bottom right).

10378} Dynamic light scattering {BLS} show that the wild-type CoV & protein had a Z-avg
particle diameter of 69.53 nm compared to a 2-fold smaller particle size of BY2365 {33.4 nm} and
BY2373 (27 2 nm}. The polydispersity index {PDI} indicated that BV2365 and BV2373 particles
were generally uniform in size, shape, and mass (PDI = 0.25-0.29) compared to the wild-type

spike-protemn (PDI = 0.46) (Table 3).
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SARS-CoV-2 5 Bifferential Scanning Calorimetry Dynamic Light Scattering (DLS)
protein (B8O

Yoax (CCY AHcal Z- avg diameter? b

{num}
{kd/mod)

Wild-type 586 153 69.53 (.46
BV2368 61.3 466 33.40 0.25
BY1373 60.4 732 27.21 (.29

"Tmer: meliing temperature
“Z~avg L-average particle size

PO polvdispersity index

{0379} The thermal stability of the S-trimers was determined by differential scanning
calorimetry {(DSC). The thermal transition temperature of the wild-type CoV 8- protein (T =
58.6°C) was similar to BV2365 and BVZ373 with a T = 61.3°C and 60.4°C, respectively {Table
3). Of greater significance, was the 3 - 5 fold increased enthalpy of transition required to unfold
the BV2365 and BV2373 vanants {(AHcal = 466 and 732 kl/mol, respectively} compared to the
lower enthalpy required to untold the WT spike protem {AHcal = 153 kJ/mol}). These results are
consistent with improved thermal stability of the BV2365 and BV2373 compared to that of WT
spike protein {Table 3},

{0380] The stability of the CoV Spike {8) polypeptide nanoparticle vaccines was evaluated by
dynamic light scattering. Various pHs, temperatures, salt concentrations, and proteases were used

to compare the stability of the CoV Spike (5) polypeptide nanoparticle vaceines to nanoparticle

vaceines containung the native CoV Spike (8) polypeptide.
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Example 5,

Stability of Corenavirus Spike (5} Polypeptide Nanoparticle Vaccines

{0381} The stability of the CoV Spike {8} polypeptide nanoparticle vaccines was evaluated by
dynamic hight scattering. Various pHs, temperatures, salt concentrations, and proteases were used
to compare the stability of the CoV Spike {8) polvpeptide nanoparticle vaccines to nanoparticle
vaceines contatning the native CoV Spike (8) polypeptide. The stability of BV2365 without the
2-proline substitutions and BY2373 with two prolines substitution was assessed under different
environmental stress conditions using the hACE2 capture ELISA. Incubation of BV2373 at pH
extremes {48 hours at pH 4 and pH 9), with prolonged agitation {48 hours), and through
freeze/thaw (2 cycles), and elevated temperature {48 hours at 25°C and 37°C) had no effect on
hACE?2 receptor binding (C50 =14.0 - 18.3 ng mL-1).

[0382] Oxudizing conditions with hydrogen peroxide reduced binding of hACE2 binding to
BV2373 8-fold (IC50 = 120 ng mL-1) (Fig. 12A). BV2365 without the 2-proline substifutions was
iess stable as determined by a significant loss of hACEZ2 binding under multiple conditions (Fig.
12B).

[0383]  The stability of BV2384 (SEQ ID NO: 110} and BV2373 (SEQ ID NO: 87) were
cornpared. BV2384 has a furin cleavage site sequence of GSAS (REQ ID NO: 97), whereas
BV2373 has a furin cleavage site of QQAQ (SEQ 1D NO: 7). As demonstrated by SDS-PAGE and
Western Blot, BV2384 showed extensive degradation in comparison to BV2373 (Fig. 32)
Furthermore, scanning densitometry and recovery data demonstrate the unexpected loss of full
length CoV § protein BV2384, lower purnity, and recovery {¥Fig. 33) in companson to BY2373

{(Fig. 34).

Example 6

immune Response in Cynomolpus macagues

{8384} We assessed the momune response induced by BV2373 in a Cynomolgus macaque
model of SARS-{CoV-2 mfection. Groups 1-6 were treated as shown in Table 4.

Table 4. Groups 1-6 of Cynomolgus macague study

Group BV2373 M?\;Rﬁ X Immunization Blood Diraw Challenge
(N=4) Diosge Drose {Days) {days) {Day)
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i Placebo - 0, 21 0,21, 33 35

2 2.5 ug 25 g 0,21 0,21, 33 35

3 Sug 25 ne 0 0,21, 33 35

4 S pg 50 pe 0,21 0,21, 33 35

5 5 g 50 ug 0 0,21, 33 35

6 25 ug 50 ug 0,21 0,21, 33 35
{0385] Admuustration of a8 vaccine comprising BV2373 resulted in the induction of anti-CoV-

"

S antibodies (Fig. 354} inchuding neutralizing antibodies (Fig, 35B). Anti-CoV-S antibodies were
induced after administration of one (Fig. 38A) or two doses {Fig. 388} of BV2373. Admunistration
of the vaccine comprising BYV2373 also resulted m the production of antibodies that blocked
binding of the CoV S protein to hACE2 (¥Fig. 38C and Fig. 38D) There was a significant
correlation between anti- CoV S polypeptide 1gG uter and hACEZ mhibition titer in Cynomolgus
macaques after adminstration of BY2373 (Fig, 38K). The ability of BV2373 to induce the
production of neutralizing antibodies was evaluated by cytopathic effect (CPE) (Fig. 48A) and
plaque reduction neutralization test {(PRNT} (Fig. 40B} The data revealed that vaccine
formulations of Table 4 produced SARS-CoV-2 neutralizing titers, in contrast to the control
{0386} The vaccine comprising BV2373°s ability to induce anti-CoV-S antibodies and
antibodies that block binding of hACE2 to the CoV § protein in Cynomolgus macagues was
compared to human convalescent serum. The data revealed that the BV 2373 vaccine formulation
mduced superior anti-CoV 8 polypeptide and hACE?2 infubition titers as compared to human
convalescent serum {Fig. 39).

{0387} The BV2373 vaccine formulation also caused a decrease of SARS-CoV-2 viral
replication {Figs. 36A-B). Viral RNA (Fig. 36A, corresponding to total RNA present} and viral
sub-genomic RNA (sgRNA) (Fig. 36B, corresponding to replicating virus) levels were assessed
in bronchiolar lavage (BAL) at 2 days and 4 days post-challenge with infectious virus {d2pi and
ddp1}. Most subjects showed no viral RNA. At Day 2 small amounts of RNA were measured
some subjects. By Day 4, no RNA was measured except for two subjects at the lowest dose of 2.5

ug. Sub-genomic RNA was not detected at either 2 days or 4 days except for 1 subject, again at
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the lowest dose. Viral RNA (Fig. 37A) and viral sub-genomic (sg) RNA (Fig. 37B) were assessed
by nasal swab at 2 days and 4 days post-infection {(d2p1 and d4pi}. Most subjects showed no viral
RNA. At Day 2 and Day 4 small amounts of RNA were measured in some subjects. Sub-genomic
RNA was not detected at either 2 Days or 4 days. Subjects were immunized Day O and in the
groups with two doses Dav © and Day 21. These data show that the vaccine decreases nose total
virus RNA by 100 — 1000 fold and sgRNA to undetectable levels, and confirm that immune

response to the vaccine will block viral rephication and prevent viral spread.

Example 7

Evaluation of CoV 5 polypeptide nanoparticie vaccines in humans

{0388] We assessed the safety and efficacy of a vaccine comprising BY2373 1n a randomized,
observer-blinded, placebo-controlled Phase 1 clinical trial in 131 healthy participants 18-59 years
of age. Participants were immunized with two intramuscular mjections, 21 days apart. Participants
received BY2373 with or without MATRIX-M™ (n=106) or placebo (n=23). Groups A-E were

treated as shown 1n Table 5 Fig. 41 shows a timeline of the evaluation of clinical endpoints.

Table S: Groups A-E of Phase 1 Human Study

Participants Day 0 Day 21 (+ 5 days)
{roup
(N=25) Randomized Sentinel BY2373 MATRIX- BY2373 MATRIX-
Dose M™ Dose Dose M™ Dygge
A 25 - Oug Opg Oug Oug
B 25 - 25 ug Oug 25 ug Opg
C 25 3 3ug 50 ug Spg 50 pg
D 25 3 25 ug S0 ug 25 ug 50 pg
E 25 - 23 ug 50 pg Ong Oug

{0389} Overall reactogenicity was mild, and the vaccinations were well tolerated. Local
reactogenicity was more frequent in patients treated with BV2373 and MATRIX-M™ (Figs. 42A-

B).
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{0390} The immunogenicity of BV2373 with and without MATREX-M™ was evaluated. 21
days after vaccination, anti-CoV-8 antibodies were detected for all vaccine regimens (Fig, 43A).
Geometric mean fold rises (GMFR) in vaccine regimens comprising MATRIX-M™ exceeded
those induced by unadpuvanted BY2373. 7 days after a second vaccination (day 28}, the anti-CoV-
S titer increased an additional erghi-fold over responses seen with first vaccination and within 14
days {Day 35} responses had more than doubled yet again, achieving GMFRs approximately 100-
fold over those observed with BY2373 alone. A single vaccination with BY2373/ MATRIX-M™
achieved similar anti-CoV-S titer levels to those in asymptomatic {exposed} COVID-19 patients.
A second vaccination achieved GMEU levels that exceeded convalescent serum from outpatient-
treated COVID-19 patients by six-fold, achieved levels similar to convalescent serum from
patients hospitalized with COVID-19, and exceeded overall convalescent serum anti-CoV-8
antibodies by nearly six-fold. The responses in the two-dose 5~pug and 25-ug BV2373/ MATRIX-
M™ regimens were similar. This highlights the ability of the adjuvant (MATRIX-M™ to enable
dose sparing.

[0391] Neutralizing antibodies were induced n all groups treated with BV2373 (Fig. 43B).
Groups treated with BY2373 and MATRIX-M™ regimens exhibited an approximately five-fold
GMER than groups treated with BV2373 alone (Fig. 43B). Second vaccinations with adjuvant had
a profound effect on neutralizing antibody titers — inducing >100 fold rise over single vaccinations
without adjuvant. When compared to convalescent serum, second vaccinations with BY2373/
MATRIX-M™ achieved GMT levels four-fold greater than outpatient-treated COVID-19 patients,
levels spannming those of patients hospitalized with COVID-19, and excesded overall convalescent
serum GMT by four fold.

{08392] Convalescent serum, obtamed from COVID-19 patients with clinical symptoms
requiring medical care, demonstrated proportional anti-CoV-S IgG and neutralization titers that
mereased with iliness severnity (Figs. 43A-B).

{0393} A strong correlation was observed between neutralizing antibody titers and anti-{CoV-
observed in patients treated with convalescent sera {r=0.95&8) (Fig. 44A}. This correlation was not

observed in subjected administered unadjuvanied BY2373 (r=0.7616} (Fig. 44B). Both 5 pg and

25 ug BY2373/ MATRIX-M™ aroups {groups {-F of Table 5) demonstrated similar magnitudes
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of two-dose responses and every participant seroconverted using either assay measurement when
a two-dose regimen was utilized.

T-cell responses in 16 participants (four participants from each of Groups A through D) showed
that BY2373/MATRIX-M'™M regimens induced antigen-specific polyfunctional CD4+ T-cell
responses mn terms of IFN-y, 1L-2, and TNF- producition upon stimulation with BY2373. There

was a strong bas toward production of Thl cytokines (Figs. 45A-D).

Example 8

Expression, Puorification, and Evalvation of Next-Generation oV 5§ polypeptide
panoparticles

{0394} CoV 5 polypeptides having the amimo acid sequence of SEQ ID NO: 112, SEQ D NG
113, SEQ ID NG 114, or SEQ ID NO: 115 are expressed m a baculovirus expression system and
recombinant plaques expressing the coronavirus Spike (8} polypeptides are picked and confirmed.
CoV S polypeptides having a sequence of SEQ 1D NO: 112, SEQ 1D NO: 113, SEQ D NO: 114,
and SEQ 3 NO: 115 are expressed using an N-terminal signal peptide having an amuno acid
sequence of SEQ ID NO: 5.

{0395} The CoV S polypeptide having a sequence of SEQ 1D NO: 112 comprises a mutation
of Asn-488 to tyrosine, mutations of Lys-973 and Val-974 to proline, and an mnactivated furin
cleavage site having the amino acid sequence of QQAQ (SEQ ID NG 7).

{0396} The CoV 8§ polypeptide having a sequence of SEQ ID NO: 113 comprises mutation of
Asp-601 to glveine, mutation of Asn-488 to tyrosine, mutations of Lys-973 and Val-974 to proline,
and an inactivated furin cleavage site having the amino acid sequence of QUAQ (SEGQ ID NG 7).
{0397} The CoV 8 polypeptide having a sequence of SEQ ID NO: 114 comprises deletion of
amino acids 56, 57, and 131, mutation of Asn-488 to tyrosine, a mutation of Ala-557 to aspartate,
mutation of Asp-0601 to glycine, mutation of Pro-668 to histidine, mutation of Thr-703 to
isoleucine, mutation of Ser-969 to alanine, mutation of Asp-1105 to histidine, mutations of Lys-
973 and Val-974 to proline, and an mactivated furin cleavage site having the amino acid sequence
of QUAQ (SEQID NG 7).

[039§] The CoV S polypeptide having a sequence of SEQ ID NO: 115 comprises mutation of
Asu~-488 to tyrosine, routation of Asp-67 to alanine, mutation of Leu-229 to histidine, mutation of

Asp-202 to glycine, mutation of Lys-404 to asparagine, mutation of Glu-471 1o lysine, mutation
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of Ala-688 to valine, mutation of Asp-601 to glycine, mutations of Lys-973 and Val-974 to proline,
and an inactivated furin cleavage site having the amino acid sequence of QQAQ.

{0399} CoV § polypeptide nanoparticles are generated as in Example 1. The stability and
immunogenicity of CoV 8 polypeptides having an anino acid sequence of SEQ ID NO: 112, SEQ
IDNG: 112, SEQ ID NG 113, and SEQ ID NO: 115 15 evaluated as in Examples 2-7.

Example 9

BY2373 and Sapeonin Adjuvant induce Protective Immune responses against heterogeneous
SARS-CoV-2 Strains

{0400} Purpose: We conducted a phase 3, randomized, observer-blinded, placebo-controlled
trial in adults 18-84 vears old who recetved two intramuscular S-ug doses, 21 days apart, of
BV2373 and saponin adjuvant (Fraction A and Fraction C iscom matrix, also referred to as
MATRIX-M™ in this example) or placebo (1:1) across 33 sites in the United Kingdom. The
primary efficacy endpoint was virologically confirmed mild, moderate, or severe COVID-19 with
onset 7 days after second vaccmation.

[0401] A total of 15,187 participants were randomized, of whom 7369 participants received
BV2373 and MATRIX-M™ and 7570 received placebo; 27 8% were 65 years or older, and 4%
had baseline serological evidence of SARS-CoV-2 mfection. There were 10 cases of COVID-19
among BV2373 and MATRIX-M™ recipients and 96 cases among placebo recipients, with
symptom onset at least 7 days after second vaccination; BV2373 and MATRIX-M™ was 89 7%
{95% confidence nterval, 80.2 to 94.6) effective m preventing COVID-19. There were five cases
of severe COVID-19, all of which were reported m the placebo group. A post hoc analysis revealed
efficacies of 96.4% (73.8 10 99.5) and 86.3% (71.3 to 93.5) against the prototype SARS-CoV-2
strain and B.1.1.7 vanant, respectively. The prototype SARS-CoV-2 strain comprises a oV 8
protein having the amino acid sequence of SEQ 1D NO: 2. The B.1.1.7 vanant comprises a CoV
S protem having deletions of amino acids 56, 57, and 131 and mutations of N4BBY, AS557D,
DO01G, POO8H, T7031, S969A, and D1105SH, wherein the CoV S polypeptide 15 numbered with
respect to the wild-type SARS-CoV-2 S polypeptide having the amino acid sequence of SEQ ID
NG 2. Vaccine efficacy was similar across subgroups, including pariicipants with comorbidities
and those >05 vears old. Reactogenicity was generally mild and transient and occurred more
frequently in the group administered BV2373 and MATRIN-M™. The incidence of serious

ey
I
7

adverse events was low and similar in the two groups. A two-dose regimen of BY2373 and
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MATRIX-M™ conferred 89.7% efficacy against a blend of prototype and B.1.1.7 variant, with a
safety profile similar to that of other authorized COVID-19 vaccines.

{0402} Methods: Trial Design and Participants: We assessed the safety and efficacy of two 5-
ug doses of BV2373 and MATRIX-M™ or placebo, administered intramuscularly 21 days apart.
This phase 3 trial was conducted at 33 recruitment sites in the UK. Ehgible participanis were men
and non-pregnant women 18 to 84 vears old {inclusive) who were healthy or had stable chronic
medical conditions, mcluding but not limited to human immuncodeficiency virus and cardiac and
respiratory diseases. Health status, assessed at screening, was based on medical history, vital signs,
and physical examination. Key exclusion critenia included a history of documented COVID-19,
treatment with immunosuppressive therapy, or diagnosis with an immunodeficient condition.
[0403] Participants were randomly assigned ina 1:1 ratio via block randomization to receive
two doses of BV2373 and MATRIX-M™ or placebo (normal saline}, 21 days apart, using a
centralized Interactive Respounse Technology system according to pre-generated randomization
schedules. Randonuzation was stratified by site and by age >63 years. In a 400-person sub-study,
participants recetved a conconutant dose of seasonal imfluenza vaccine with the first dose. This
was an observer-blinded study.

{0404] After each vaccination, participants remained under observation at the study site for at
feast 30 minutes to momtor for the presence of any acute reactions. Solicited local and systemic
adverse events were collected via an electronic diary for 7 days after each dose 1o a subgroup of
participants (solicited adverse event subgroup). All participants were assessed for ansolicited
adverse events from the first dose through 28 days after the second dose; serious adverse events,
adverse events of special interest, and medically attended adverse events were assessed from the
first dose through 1 vear after the second dose. Safety data are reported for all participants who
received at feast one dose of vaccine or placebo.

{8405} Safety and Efficacy: The primary endpoint was the efficacy of BV2373 and
MATRIX-M™ against the first occurrence of virologically confirmed symptomatic mild,
moderate, or severe COVID-19, with onset at least 7 days after second vaccination in participants
who were seronegative at baseling. Symptomatic COVID-19 was defined according to US Food
and Prrug Admunistration (FDA) criteria.

{0406} Symptoms of suspected COVID-19 were monitored throughout the trial and collected

using a COVID-19 electronic symptom diary (InFLUenza Patient-Reported Outcome [FLU-
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PRO] questionnaire) for at least 10 days. At the onset of suspected symptoms of COVID-19,
respiratory specimens from the nose and throat were collected daily over a 3-day period to confirm
SARS-CoV-2 infection. Virological confirmation was performed using polymerase chain reaction
{PCR) testing (UK DHSC laboratories) with the Thermo TagPath™ system (Thermo Fisher
Scientific, Waltham, MA, USA).

{0407} Safety was analyzed in all participants who received at least one dose of BV2373 and
MATRIX-M™ or placebo and summarized descriptively. Solicited local and systemic adverse
events were also summarized by FDA toxicity grading criteria and duration after each injection.
Unsolicited adverse events were coded by preferred term and system organ class using the AMedical
Dictionary for Regulaiory Activities (MedDRA), version 23.1, and summarized by severity and
relationship to study vaccine.

[04038] The trial was designed and driven by the total number of events expected to achieve
statistical significance for the primary endpoint — a target of 100 mild, moderate, or severe Covid-
19 cases. The target nurnber of 100 cases for the final analysis was chosen to provide >95% power
for 70% or higher vaccine efficacy. A single mterim analysis of efficacy was conducted based on
the accumulation of approximately 50% (50 events) of the total anticipated primary endpoiots
using Pocock boundary conditions. The man (hypothesis testing) event-driven analysis for the
interim and final analyses of the primary objective was carried out at an overall one-sided type |
error rate of 0.025 for the primary endpoint. The primary endpoint was analyzed 1n participants
who were seronegative at baseline, recetved both doses of study vaccine or placebo, had no major
protocol deviations affecting the primary endpoint, and bad no confirmed cases of symptomatic
Covid-19 within 6 days after the second mjection {per-protocol efficacy population). Vaccine
efficacy was defined as E (%) = (1 -~ RR} = 100, where RR = relative nisk of incidence rates
between the two study groups (BV2373 and MATRIX-M™ or placebo). Mean disease incidence
rate was reported as ncidence rate per vear in 1000 people. The estimated RR and #ts confidence
mterval (CI) were derived using Poisson regression with robust error variance. Hypothesis testing
of the primary endpoint was carried out against the null hypothesis: HO: vaccine efficacy <30%.
The success criterion required rejection of the null hypothesis to demonstrate a statistically
significant vaccine efficacy.

{0409} Between September 28 and November 28, 2020, a total of 16,645 participants were

screened and 15,187 participants were randomized (Fig. 473 A total of 15,139 participants
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received at least one dose of BV2373 and MATRIX-M™ (7569} or placebo {7570), with 14,039
participants {7020 in the BV2373 and MATRIN-M™ group and 7019 in the placebo group)
meeting the criteria for the per-protocol efficacy population. Baseline demographics were well
balanced between the BV2373 and MATRIX-M™ and placebo groups in the per-protocol efficacy
population, where 48 4% were female, 94 5% were White, 0.4% were Black or African American,
0.8% were Hispanic or Latino, and 44.6% had at least one comorbid condition (based on Centers
for Dhsease Control and Prevention [CDC] definitions. The median age of these participants was
56 years, and 27 9% were >6S years old. Table 6 provides a summary of the baseline demographics

of the participants of the clinical trial.

Table 6: Demographics and Baseline Characteristics of Clinical Trial Participants

BV2373 asd MATRIX- Placebo Total
M™ n=7020 a=7819 N=14,63%
Age.y
Median 36.0 36.0 36.0
Rauge 18, 84 18, 84 18, 84
Age group, 1 (%) 3067 (72.2) 3062 (72.0 10129 (72.1)
18-64 y 1053 (27.8) 1957 (27.9) 3910 27.9)
>65y
Sex, u (%}
Male 3609 (51.4) 3629 (51.7) 7238 (51.6)
Female 3411 {(48.6) 3390 (48.3) 6801 (48.4)
Race or ethuic group, n (%) 6625 (94.4) 6635 (94.5) 13265 (94.3)
Whife 26 {0.4) 26 {0.4) 32(0.4)
Black or African American 201 (2.9 212(2.9) 413 (2.9)
Asian 4 {(<0.1 9 4{<0.D
American Indian or Alaska Native (<0 0 1 (<01
WNative Hawalian or other Pacific {slander TG (1.0} 59 (0.8) 136 (0.9}
Multiple 85 (1.2) 79 (L) 176 (1.2)
Not reported 4 {(<0.1) 6 (<. 1) FE (0D
Other 4 2 8
Missing 63 (8.9} 31 (0.7 114 (0.8)
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BY2373 and MATRIX- Placebo Total
RMT™ p=7020 a=7019 N=14,039%

Hispanic or Latinx

SARB-CoV-2 serostatus, n (%)

Megative 6964 (99.29%) 04944 (98.9) 13908 (99.1)
Positive G 0 0
Missing 56 75 131
BMI, kg/m?, n (%)
> 36.0: abese 313 {4.3) 323 (4.6) 636 (4.3)
Comorbidity status* 3117 (44 4) 3143 (44.8) 6260 (44.6)

Yes 3903 {35.6) 3876 {55.2) T4 (55.4)
No
[0410] 8D, standard deviation; body mass index {BMI) is calculated as weight (kg) divided by

squared height (m). Percentages are based on per-protocol efficacy analysis set within each
treatment and overall *Comorbid subjects are those identified who have at least one of the
cormorbid conditions reported as a medical history or have a screening BMI value greater than 30
kg/m”
{041 1] The solicited adverse event subgroup mcluded 2714 participants. Overall, BV2373 and
MATRIX-M™ recipients reported higher frequencies of solicited local adverse events than
placebo recipients after both the first dose {59.4% vs. 20.9%} and the second dose {80.2% vs.
17.0%) (Fig. 50).

{0412] Among BV2373 and MATRIX-M™ recipients, the most commonly reported focal
adverse events were injection site tenderness and pain after both the first dose (54.9% and 36.7%)
and the second dose {76.6% and 51.9%), with most events being grade 1 (muld} or 2 {moderate} in
severtty and of short mean duration {2.3 and 1.7 days after the first dose and 2.8 and 2.2 days after
the second dose). Solicited local adverse events were reported more frequently among younger
BV2373 and MATRIX-M'™ recipients (18 to 64 vears) than older BV2373 and MATRIX-M™
recipients {65 vears}.

10413}  Overall, BV2373 and MATRIX-M™ recipients reported higher frequencies of

solicited systemic adverse events than placebo recipients after both the first dose (47.6% vs.
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37.9%) and the second dose (64.6% vs. 30.8%) (Fig. $0). Among BV2373 and MATRIX-M™
recipients, the most commonly reported systemic adverse events werg headache, muscle pain, and
fatigue after both the first dose {24.5%, 22.3%, and 20.5%;) and the second dose (40.7%, 41 1%,
and 41.0%}, with most events being grade 1 or 2 1n severity and of short mean duration (1.6, 1.5,
and 1.9 days after the first dose and 1.9, 1.8, and 1.9 days after the second dose}. Grade 4 systemic
adverse events were reported in two BY2373 and MATRIX-M™ participants after the first dose
and in one BV2373 and MATRIX-M™ participant after the second dose. Systemic adverse events
were reported more often by younger vaccine recipients than by older vaccine recipients and more
often after dose 2 than dose 1. Notably, fever (temperature >38°C} was reported in 2 3% and 5.1%
of BY2373 and MATRIX-M™ participants after the first and second doses, with grade 3 fever
(39-40°C)y 1n 0.4% and 0.6% of participants after the first and second doses, respectively; one grade
4 fever (>40°C) was reported after each dose of vaccine,

[0414] Al 15,139 participants who received at least one dose of vaccine or placebo through
the data cutoft date of the final efficacy analysis were assessed for unsolicited adverse events. The
frequency of unsolicited adverse events was higher among BV2373 and MATRIX-M™ recipients
than among placebo recipients {25.3% vs. 20.5%), with sumilar frequencies of severe adverse
events {1.0% vs. 0.8%), serious adverse events (0. 5% vs. 0 5%}, medically attended adverse events
{3.8% vs. 3.9%), adverse events leading to vaccine {0.3% vs. 0.3%) or study {0.2% vs. 0.2%)
discontinuation, potential immune~-mediated medical conditions {(<0.1 vs. <0.1%), and adverse
events of special interest relevant to COVID-19(0.1% vs. 0.3%). One related sertous adverse event
was reported in an BV2373 and MATRIX-M™ recipient {myocarditis), which was considered a
potentially immune-mediated condition; an mdependent SMC considered the event most likely a
viral myocarditis. The participant recovered. There were no episodes of anaphylaxis, and no
evidence of vaccine-associated enhanced disease. Two COVID-19-related deaths were reported,
one in the BV2373 and MATRIX-M™ group, with onset of symptoms 7 days after receiving a
single vaccine dose, and one in the placebo group.

{041 5] Among 14,039 participanis in the per-protocol efficacy population, there were 10 cases
of virologically confirmed, symptomatic mild, moderate or severe COVID-19 with onset at least
7 days after the second dose among vaccine recipients {0.53 per 1000 person-vears; 95% C1: 3.32
to 12.85) and 96 cases among placebo recipients {(63.43 per 1000 person-years; 95% CI 4519 to

%9.03} for a vaccine efficacy of 89.7% (95% (1, 80.2 to 94.6; Fig. 49). Of the 10 cases =65 years
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old who had mild, moderate, or severe Covid-19, one had received BV2373 and MATRIX-M™
and nine had received placebo. Severe COVID-19 occurred in five participants, of whom none had
received BV2373 and MATRIX-M™ and five had received placebo. There were no
hospitalizations or deaths among per-protocol vaccine recipients. Vaccine efficacy among
participants >65 years was 88.9% (95% CL, 12.8 to 98.6 and efficacy from 14 days after dose |
was 83.4% (95% (I, 73.6 10 89.5) (Fig. 49). A post hoc analysis of the primary endpoint identified
29, 66, and 11 cases of Covid-19 where the 1solated strain was the SARS CoV-2 prototype strain,
SARS-CoV-2 B.1.1.7 vanant, or unknown, respectively. Unknown samples were those where the
PCR tests were performed with a non-DHSC PCR test {e.g , at a local hospital laboratory) where
variant determination was not performed. Vaccine efficacy against the prototype strain was 96.4%
(95% CL, 73.8 to 99.4), while efficacy against the B.1.1.7 variant was 86.3% (95% CI, 713 to
93.5). (Fig. 49).

0416]  Discussion: A two-dose regimen of BV2373 and MATRIX-M™, given 21 days apart,
was found to be safe and 89.7% effective against symptomatic COVID-19 caused by both
prototype and B.1.1.7 vanants.. The timing of accumulated cases in this study allowed for a post
hoo assessuent of vaccive efficacy aganst different strajus, meluding the B.1L1.7 varant, which
15 now circulating widely outside of the United Kingdom and 5 soon expected to be the most
promanent stram in United States. This varniant 18 known to be more transmussible and to be
associated with a higher case fatality rate than previous strains, emphasizing the need for an
effective vaccime. This 1s the first vaccine to demonstrate high vaccine efficacy (86.3%) against
the B.1.1.7 vaniant in a phase 3 trial. Although the study was not powered to assess efficacy for
mditvidual SARS-CoV-2 strains, BY2373 and saponin adjuvant demonstrated significant efficacy
aganst all stramns detected n trial participants. In particular, the 96.4% point estimate of efficacy
determined agamst the prototype strain 18 simular to that reported against this stram for the
BNT16152 mRNA vaccine {95.0%) and the mRNA-1273 vaccine (94.1%) and greater than that
demonstrated by the adenoviral vector vaccines.

{0417} Finally, the BV2373 and saponin adjuvant composition also showed efficacy agamst
the B.1.351 variant.

{0418} Prevention of severe disease (including hospitalization, intensive care admission, and
death} 1s an important objective of a vaccination program, and the two-dose regimen of BV2373

and saponin adpuvant demonstrated very high efficacy, similar to that reported for other licensed
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Covid-19 vaccines. In addition, BV2373 and saponin adjuvant provided levels of protection after
the first dose 1n a range similar to that of other COVID-19 vaccines. The favorable safety profile
observed during phase 1/2 studies of BV2373 and saponin adjuvant was confirmed in this phase 3
trial. Reactogenicity was generally mild or moderate, and reactions were less common and milder
in older subjects and more common after the second dose. Injection site tenderness and pain,
fatigue, headache, and muscle pain were the most commonly reported local and systemic adverse
events and were more common with the vaccine than placebo. The incidence of serious adverse
events was similar i the vaccine and placebo groups {0.5% in each) and no deaths were
attributable to receipt of the vaccine.

{0419] The results of this trial provide further evidence that COVID-19 caused by prototype
SARS-CoV-2 and the SARS-CoV-2 variant B.1.1.7 can be prevented by immunization, providing
the first evidence for a protein-hased, adjuvanted vaccine. These data confirm that BV2373 and
saponin adjuvant can be stored at standard refrigerator temperatures and, moreover, can induce a
broad epitope response to the spike protem antigen. This broad response provide protective

efficacy against a range of heterogenous SARS-CoV-2 strains.

Example 19

BY2438 and Saponin Adjuvant induce Protective Immune responses against heferogeneous
SARS-CoV-2 Strains

{8420} Purpose The momunogenicity and /s vivo protection of compositions containng the
recombinant CoV Spike (rS) protemn BV2438 (SEQ 1D NO: 1323, BV2373 (SEQ 1D NOG: 873, or
both, 1n combination with a sapomin adjuvant was evaluated. The saponmn adjuvant contains two
iscom particles, wherein: the first iscom particle comprises fraction A of Quiflajo Saponaria
Molma and not fraction  of Quiliaje Saponaria Molina, and the second 1scom particle comprises
fraction C of Quillaja Sapornaric Mohna and not fraction A of Challaja Saponaric Molina, Fraction
A and Fraction C account for 85 % and 15 % by weight, respectively, of the sum of the weights of
fraction A of Cwillaja Saponaria Molma and fraction C of Quillaja Saponaric Molina 1o the
adjuvant.

{6421} The efficacy of BV2438 and BV2373 immunization regimens alone or in combination
with the aforementioned saponin adjuvant against the SARS-CoV-2/WAL, SARS-CoV-2/B.1.1.7

and SARK-CoV-2/B.1.351 strains were evaluated. The SARS-CoV-2/WAT1 strain has a CoV 8§
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polyvpeptide having the amino acid sequence of SEQ 1D NOG: 2. The SARS-CoV-2/B.1.1.7 strain
has a CoV S polypeptide comprising deletions of amimo acids 69, 70, and 144 and mutations of
N30TY, AS70D, 614G, POSIH, T7106], S982A, and 31 118H, wherein the CoV S polypeptide 15
numbered with respect to the wild-type SARS-CoV-2 § polvpeptide having the amino acid
sequence of SEQID NG 1. The SARS-CoV-2/B.1.351 strain has a CoV 8 polypeptide comprising
polypeptide comprising mutations of D80A, L242H, R2461, A701V, NSO1Y, K417N, H484K and
D614G, wherein the CoV S polypeptide is numbered with respect to the wild-type SARS-CoV-2
S polypeptide having the amino acid sequence of SEQ ID NG: 1

[0422]  Methods:

{042 3] Cells and Virus: Virus and cells were processed as described previcusly (18). Briefly,
Vero E6 cells (ATCC# CRL 1586} were cultured in DMEM (Quality Biological), supplemented
with 10% {v/v} fetal bovine serum (Gibeo), 1% (v/v) peniciin/streptomyein {Gemni Bio-
products) and 1% {v/v} L-glutamune (2 mM final concentration, Gibeo) (Vero media). Cells were
maindained at 37°C and 5% CO2 SARS-CoV-2/WAL were provided by the CDC (BEI #NR-
32281). SARS-CoV-2/B.1.17 and SARS-CoV-2/B.1.351 were generously provided by Dr. Andy
Pekosz at The Johns Hopking Unwversityobtained Stocks for both viruses were prepared by
mfection of Vero E6 cells for two days when CPE was starting o be visible. Media were collected
and clarified by centrifugation prior to being aliquoted for storage at —80°C. Tuer of stock was
deternmined by plague assay using Vero E6 cells as described previously.

{8424} SARS-Col-2  Frotein FExpression: SARS-CoV-2 constructs were  synthetically
produced from the full-length S glycoprotein gene sequence {GenBank MN908947 nucleotides
21563-25384). The full-length S-genes were codon optimized for expression in Spodoptera
frugiperda {S19) cells and synthetically produced by GenScript (Piscataway, NJ, UUSA). The
QuikChange Lightning stte-directed mutagenesis kit {Agilent) was used to produce two spike
protein vanants: the furin cleavage site (632-RRAR-085) was mutated to 682-QCAQ-085 1o be
protease resistant and two proline substitutions at positions K986P and V987P (2P) were
mirgduced to produce the double mutant, BV2373. To generate the recombimant Spike construct
based on the B.1.351 variant, the following point mutations were also introduced: D60A, D215G,
L242H, K417N, B484K, NSO1Y, 614G, and A701V. Full-length S-genes were cloned between
the BamHI — Hindll sites in the pFastBac baculovirus transfer vector (Invitrogen, Carlsbad, CA)

under transcriptional control of the Autographa californica polvhedron promoter. Recombinant
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baculovirus constructs were plague purified and master seed stocks prepared and used to produce
the working virus stocks. The baculovirus master and working stock titers were determined using
rapid titer kit (Clontech, Mountam View, CA). Recombinant baculovirus stocks were prepared by
mfecting S19 cells with a multiphcity of infection (MOI} of <0.01 plaque forming units {pfu) per
cell.

{0425] Expression and Purtfication: SARS-CoV-2 § proteins were produced in S{9 cells as
previously described. Briefly, cells were expanded in serum-free medium and infected with
recombinant baculovirus. Cells were cultured at 27 £ 2°C and harvested at 68-72 hours post-
nfection by centrifugation (4000 x g for 15 mun). Cell pellets were suspended i 25 mM Tris HCL
{pH 8.0}, 50 mM NaCl and 0.5-1.0% (v/v} polvoxyethyiene nonylphenol (NP-9, TERGITOL®)
NP-9 with leupeptin. S-proteins were extracted from the plasma membranes with Tris buffer
containing NP-9 detergent, clanfied by centrifugation at 10,000 x g for 30 nun. S-proteins were
purified by TMAE awmon exchange and lentil lectin affinity chromatography. Hollow fiber
tangential flow filtration was used to formulate the purified spike protein at 100-150 yug mbL-~-1
25 voM sodium phosphate (pH 7.2}, 300 mM NaCl, 0.02% (v/v) polysorbate 80 (PS 80} Purified
S-proteins were evaluated by 4-12% gradient SDS-PAGE stamned with Gel-Code Blue reagent
{Pierce, Rockford, IL) and purity was deternuned by scanming denstiometry using the OneDscan
systern {BD Biosciences, Rockviile, M)

{8426} Diifferential Scanning Calorimetry: Samples (BV2426 Lot 01Feb21 and BV2373 Lot
15Dec20; rS-B.1.351BV 2438 and rS-WUIBV2373 | respectively) and corresponding buffers were
heated from 4°C to 120°C at 1°C per munute and the differential heat capacity change was
measured ina NanoDSC {TA Instruments, New Castle, DE). A separate buffer scan was performed
to obtaim a baseline, which was subtracted from the sample scan to produce a baseline-corrected
profile. The temperature where the peak apex 1s located 1s the transition temperatire {Tmax) and
the area under the peak provides the enthalpy of transition (AHcal).

184271 Transmission Hlectron Microscopy and 21 Class Averaging: Electron microscopy was
perform by Nanolmaging Services {San Diego, CA) with a FEI Tecam T12 electron microscope,
operated at 120keV equipped with a FEI Fagle 4k x 4k CCD camera. SARS-{CoV-2 § proteins
were diluted to 2.5 pg mb-1 v formulation buffer. The samples (3 pl) were apphied to
nitrocellulose-supported 400-mesh copper grids and stained with urany! format. Images of each

erid were acquired at multiple scales o assess the overall distribution of the sample. High-
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magnification images were acquired at nonunal magnifications of 150,000x (X nm/pixel) and
92,000x {0.16 nnv/pixel). The images were acquired at a nonunal defocus of -2.0um to -1.5pm
(110,000x) and electron doses of ~25 e/A”.

{6428} For class averaging, particles were identified from 92,000x high magnification images,
followed by alignment and classification as previously described.

{0429] Kinetics of SARS-CoV-2 § binding to hACE?2 receptor by Bioluminescence Imaging
an Octet QK384 system (Pall Forté Bio, Fremont, CA). His-tagged human ACEZ (2 ug mL-1) was
wnmobilized on nickel-charged Ni-NTA biosensor tips. After baseline, SARS-CoV-2 18 protein
solutions were 2-fold serially diluted in kinetics buffer over a range of 300 nM to 4.7 nM, allowed
to associate for 600 sec, followed by dissociation for an additional 600-900 sec. Data was analyzed
with Octet software HT 10.0 by 1:1 global curve fit.

{0430] Mouse Study Designs: Female BALB/c nuce (7-9 weeks old, 17-22 grams, N =20 per
group) were wnmunized by mtramuscular (IM) injection with two doses spaced 14 days apart
{study day 0 and 14) of tS-WUIBV2373, vS-B. 1 351BV2438 with 5 pg sapomn-based Matrix-
MM adjuvant {Novavax, AB, Uppsala, SE} either alone, in combination, or as a heterologous
prime/boost. A placebo group was injected with vaccine forrulation buffer as a negative control,
Serurn was collected for analysis on study days -1, 14, 21, and 32. Vacomated and control anmimals
were intranasally challenged with SARS-CoV-2 on study day 46

{8431} To assess the celivlar response mediated by Matnix-Msaponin adjuvant, groups of
female BALB/c mice (N = & per group} were immunized IM with the same regimens described
above, with njections spaced 21 davs apart. Spleens were collected 7 days after the second
mamunization {study day 28}, A non-vaccinated group (N = 5} served as a control.

{0432} Raboon Study Designs: Nine adult baboons (10-16 years of age at study imtiation) were
randomized nto 4 groups of 2-3/group and mymunized by IM myection with rfS-WUIBV2373 at
1, §, or 25 pg 1S with 50 pe Matrec-Msaponin adjuvant. A separate group was immunized with 25
ug rS without adjuvant. Animals were vaccinated with 2 doses spaced 21 days apart m this primary
immunization series. Immunogenicity results after the primary immunization series were
previgusly described (15). Approximately one vear later (45 weeks), all animals were boosted with

one or two 3 ug doses of r8-B.1 351BV2438 with 50 pg Matrix-Msaponin adjuvant. Sera and
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PBMCs were collected before and after the boost to measure antibody- and cell-mediated immune
FESPONSES.

{0433] SARS-CoV-2 challenge in mice: Mice were anaesthetized by intraperitoneal injection
50 pl of a mix of xvlazine {$.38 mg/mouse) and ketamine (1.3 mg/mouse} diluted in phosphate
buffered saline (PBS). Mice were intranasally inoculated with etther 7 # 104 pfu of B.1.117 or 1
« 108 pfu of B.1.351 strains of SARS-CoV-2 in S0 ul. Challenged mice were weighed on day of
nfection and datly for 4 days post infection. At days 2- and 4-davs post infection, 5 mice were
sacrificed from each vaccination and condrol group, and lungs were harvested to determine viral
titer by a plaque assay and viral RNA levels by gRT-PCR.

{6434] SARS-Col-2 Plague Assay: SARS-CoV-2 lung titers were quantified by homogenizing
harvested lungs in PBS (Quality Biological Inc ) using 1.0 mum glass beads (Sigma Aldrich) and a
Beadruptor {Onuni International Inc) Homogenates were added to Vero E6 near contluent
cultures and SARS-CoV-2 virus titers deternmined by counting plague forming units {(pfu) using a
6-point difution curve,

{0435] Anti-SARS-CoV-2 Spike g3 by ELISA: Ao ELISA was used to determine anti-SARS-
CoV-2 8 1gG titers. Briefly, 96 well rtcrotiter plates (ThermoFischer Scientific, Rochester, NY,
USA)Y were coated with 1.0 pg mL-1 of SARS-CoV-2 spike protein. Plates were washed with PBS-
T and blocked with TBS Startblock blocking buffer {TherrooFisher, Scientific). Mouse, baboon or
human serum saroples were serially dituted (10-2 1o 10-8) and added to the blocked plates before
meubation at room temperature for 2 hours. Following incubation, plates were washed with PBS-
T and HRP-conjugated goat anti-mouse IgG or goat anti-human IglG {Southern Biotech,
Birmingham, AL, USA} added for 1 hour. Plates were washed with PBS-T and 3,355 -
tetramethylbenziding peroxidase substrate (TMB, T0440-11L, Sigma, St Lows, MO, USA) was
added. Reactions were stopped with TMB stop solution {ScyTek Laboratories, Inc. Logan, UT).
Plates were read at OD 450 nm with a SpectraMax Plus plate reader (Molecular Devices,
Sunnyvale, CA, USA} and data analyzed with SoftMax software. ECS0 values were calculated by
4-parameter fitting using SoftMax Pro 6.5.1 OxP software. Individual amimal anti-SARS-CoV-2
8 12 titers and group geometric mean titers {GMT)} and 95% confidence interval (+ 95% (1) were
plotted GraphPad Prism 7.05 software.

{0436} #ACE2 recepior blocking antibedies: Human ACEZ2 receptor blocking antibodies were

determined by ELISA. Ninety-six well plates were coated with 1.0 ug mi-1 SARS-CoV-2Z 8§
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protein overnight at 4°C. After washing with PBS-T and blocking with StartingBlock (TBS)
blocking buffer (ThermoFisher Scientific), serially diluted serum from groups of immunized mice,
baboons or humans were added to coated wells and incubated for 1 hour at room temperature.
After washing, 30 ng mL-1 of histidine-tagged hACEZ {Sino Biologics, Beijing, CHN) was added
to wells for 1 hour at room temperature. After washing, HRP-conjugated anti-histidine Ig(y
{Southern Biotech, Birnungham, AL, USA) was added, followed by washing and addition of TMB
substrate. Plates were read at OD 450 nm with a SpectraMax plus plate reader {Molecular Devices,
Sunnyvale, CA, USA) and data analyzed with SoftMax Pro 6. 5.1 GxP software. The % Inhibition
for each dilution for each sample was calculated using the following equation in the SoftMax Pro
program: 100-[{MeanResults/ControlValue@PositiveControl)* 100},

{0437} Serum difution versus % Inlubition plot was generated and curve fitting was
performed by 4 parameter logistic (4PL) curve fitting to data. Serum antibody titer at 50%
mhibition (IC50) of hACE2 to SARS-CoV-2 S protein (BV2373 or BV2438) was determined in
the SoftMax Pro program.

8438} SARS-CoV-2 Newtralizarion Titer by Plague Reduction Newivalization Titer Assay
(PRNT}: PRNTs were processed as described previously(20). Briefly, serum saroples were diluted
i DMEM {Qualbity Biological) at an initial 1:40 didution with 1:2 senal didutions for a total ot T
dilutions. A vo-sera control was included on every plate. SARS-CoV-2 was then added 1:1 to each
dilution for a target of 30 PFU per plaque assay well and incubated at 37 °C (5.0% CO2) for 1 he.
Samples titers where then determined by plaque assay and neutralization titers determuned as
compared to the non-treatment control. A 4-parameter logistic curve was it to these neutrahization
data in PRISM {GraphPad, San Diego, CA) and the didution required to neutralize 50% of the virus
{PRNTS0) was calculated based on that curve fit.

{8439} Surface and intracellular cytokine staining: For surface staming, murine splenocytes
were first incobated with an anti-CB16/32 antibody to block the Fe receptor. To characterize T
follicular helper cells {Tth}, splenocytes were incubated with the following antibodies or dye:
BV6SO-conjugated anti-CB3, APC-H7-conjugated anti-CD4, FITC-conjugated anti-CD8, Percp-
cyS. 5-comjugated anti-CXCRS, APC-conjugated anti-PD-1, Alexa Fluor 70C-conjugated anti-
D19, PE-conjugated anti-CD49b (BD Biosciences, San Jose, CA}) and the yellow LIVE/DEAD®
dye (Life Technologies, NY). To stain germinal center (GC) B cells, splenocytes were labeled with

FITC-conjugated anti-CE3, PerCP-Cv 5. S-conjugated anti-B220, APC-conjugated anti-CD19, PE-



WO 2022/203963 PCT/US2022/020974

cy7-conjugated anti-CD95, and BV421-conjugated anti-GL7 {BD Biosciences} and the yellow
viabtlity dye (LIVE/DEAD®) (Life Technoiogies, NY}.

{0440} For intracellular cyviokine staming (ICCS) of muring splenocytes, cells were cultured
m a 96-well U-bottom plate at 2 x 106 cells per well The cells were stimulated with 8-
WUIBV2373 or 15-B.1.351BV 2438 spike protemn. The plate was mcubated 6 h at 37°C in the
presence of BD GolgiPlug™ and BD GolgiStop™ (BD Biosciences) for the last 4 b of incubation.
Cells were labeled with murine antibodies against CD3 (BV650), CD4 (APC-H7), CD¥ (FITC),
D44 (Alexa Fluor 700), and CD6ZL (PE) (BD Pharmingen, CA) and the vellow LIVE/DEAD®
dve. After fixation with Cytofi/Cytoperm (BD Biosciences), cells were incubated with PerCP-
CvyS.5-conjugated anti-IFN-y, BV421-conjugated anti-IL-2, PE-cy7-conjugated anti-TNF-«, and
APC-conjugated anti-IL-4 (BD Biosciences). All stained samples were acquired using a LSR-
Fortessa or a FACSymphony flow cytometer (Becton Dickinson, San Jose, CA) and the data were
analyzed with FlowlJo software version Xv10 {Tree Star Inc., Ashland, OR}).

[0441] For IC8 of baboon PBMCs, PBMUCs collected at the timepoints hsted in Figure 35A
were stimulated as described above with 1S-WUIBV2373 or tS-B.1.351BV2438. Cells were
{abelled with buman/NHP antibodies BV6350-comjugated anti-CD3, APC-H7-comjugated anti-
CD4, FITC-conjugated anti-CDR, BV421-conjugated anti-IL-2, PerCP-Cy3.5-conjugated anti-
IFN-y, PE-cy7-conjugated anti-TNF-u, APC-conjugated anti-IL-15, BV711-comjugated anti-IL-
13 {BD Biosciences), and the a yvellow LIVE/DEAD®wviability dye.

{8442} FEnzyme Linked Immunosorbent Assay (FLISA): Murine IFN-y and 1L.-5 ELISpot assays
were performed following the manufacturer’s procedures for mouse IFN-y and IL-5 ELISpot ks
(3321-2H and 3321-2A, Mabtech, Cincinnaty, OH}. Briefly, 4 x 105 splenocytes mn a volume of
200 uL were stimulated with rS-WUIBV2373 or r8-B. 1. 351 BV 2438 n plates that were pre-coated
with anti-JFN-y or anti-IL-5 antibodies. Detection secondary antibodies were clone RS-6A2 TFN-
v and clone TRFK4. Each stimulation condition was carried out in triplicate. Assay plates were
incubated 24-48 hat 37 °C n a 5% CO2 mcubator and developed using B ELISpot AEC substrate
set (BD Brosciences, San Dhego, CA). Spots were counted and analyzed using an ELISpot reader
and ImmunoSpot software vo (Cellular Technology, Ltd., Shaker Heights, OH). The number of
IFN-y- or IL-5-secreting cells was obtained by subtracting the background number i the medium

controls. Data shown in the graph are the average of triplicate wells.
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{0443} Similarly, baboon IFN-y and IL-4 assays were carried out using NHP IFN-y and Human
-4 assay kits from Mabtech. For IFN-y, coating antibody human IFN-y 3420-2H and detection
antibody clone 7-B6-1 were used. For IL-4, coating antibody human H.-43410-2H (clone IL4-1}
and detection antibody clone IL4-If were used. Assays were performed in triphicate.

{0444] Statistical Analysis: Statistical analyses were performed with GraphPad Prism 8.0
software (La Jolla, CA) Serum antibody titers were plotied for individual animals and the
geometric mean titer {GMT)} and 95% confidence mterval (95% CI) or the means + SEM as
mdicated in the figure. Ordinary one-way ANOVA with Tukey’s multiple comparisons post-hoc
test was performed on logliO-transformed data to evaluate statistical significance of differences
among groups. P-values <0.05 were considered as statistically significant.

[0445] Biophysical Properties, Structure, and Function of BV2438 antigen: Purified
BV2438, when reduced and subjected to SDS-PAGE, nugrated with the expected molecular
weight of approxamately 170 kDa (Fig. 32A4). The thermal stability of BV2438 was compared to
that of BV2373 by differential scanning calotimetry {DSC); the main peak of the BV2438 showed
a 4°C 1ncrease in thermal transition temperatore (Tmax) and 1.3-fold higher enthalpy of transition
{AHCal) compared to the prototype BV2373 protetn, indicating ncreased stability of BV2438
{Fig, 52B, Table 7). Transmission electron mucroscopy (TEM) combined with two rounds of two-
dimensional (213} class averaging of 16,049 particles were used to confum the ultrastructure of
BV2438 High magnification {92,000x and 150,000x) TEM images revealed a lightbulb-shaped
particle appearance with a 15nm length and an 11nm width, which was consistent with the
prefusion form of the SARS-CoV-2 spike trimer (PDB ID 6VXX; Fig. 82¢). This 15 consistent
with what we have previously observed for the prototype BV2373 protemn,

{0446] To confirm the functional properties of the vanant spike protein construct BV2433,
binding of this 18 protemn to the hACEZ receptor was determined using big-layer mierferometry
{BLI} as previously described. BV2438 was found to bind tightly and stably to hACEZ, with an
association constant (Ka) of 3.94 x 107, representing a 3.6-fold greater association to hACE2
compared to the prototype protein BV2373 (Ka = 1.08 x 10%). Dissociation constants of these two
proteins were essentially identical (1.46 x 107 and 1.56 x 107 for BV243R8 and BV2373,
respectively). We additionally assessed BV 2438 binding to hACEZ with an ELISA as previously
described. In this assay, BVY2438 attamed 50% saturation of hACEZ at a shightly lower

concentration (ECso = 8.0 ng/mL) than the prototype construct BV2373 {(ECsc = 9.4 ng/mL},
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confirming that BV2438 exhibited a slightly higher affinity for hACE2 compared to that of
BV2373 {(Table 7).
Table 7. Thermaostability and hACEZ2 binding of SARS-CoV-2 recombinant spike proteins

Bifferential Scanning

Calorimetry (BSC) BACEZ binding
SARS-CoV-2 SACE2 Bioding Kioeties by Bio-  hACE2 ELISA
rs pretens Fonas (7€) AHcal (k3 mol™) fayer Interferometry (£ ss, ng/mL)
s (/M) Ko (178}
BV2438 87.24 7251 3.94 x 10 1.46 » 107 8.0
BvV2373 §3.21 546.0 1.08 x 19* 1.36 = 1077 94
Tmax, melting temperature; Ky, binding constant; Ka., dissociation constant, ECse, half-maximal

binding,

{0447} BV2438 Immunogenicity in Mice: We assessed the antibody- and cell-mediated
mmunogenicity of BYV2438 and BV 2373 formulated with saponin adjovant. To assess antibody-
mediated immunogenicity, groups of mice (n = 20) were immunized with etther BV2373 or
BV2438 as both prime and boost, with BYV2373 as the prime and BV2438 as the boost, or with
both vaccimes combined in a bivalent formulation for the prime and boost vaccination. A placebo
eroup received vaccine formulation buffer as a negative control. In monovalent immumization
groups, 1 pug of 1S and 5 pg of saponin adpuvant was mtramuscularly mjected at Days 0 and 14,
For bivalent immunization, 1 pug of each rS construct was administered at each immunization, for
a total of 2 pg S, with 5 pug of saponin adjuvant. The study design i1s shown in Fig, 53. Mice
mmmunized with either of the 4 vaccine regimens displayved elevated antibody titers against both
the B.Z Spike and B.1.351 Spike by ELISA at day 21 post vaccination. Monovalent vaccination
with either BV2373 or BV 2438 produced significantly lower anti-S (WU} 1gG titers than bivalent
vaccination or heterologous vaccination, although netther reduced IgG titers more than 2-fold (Fig,
54A, Fig. 54B) Conversely, immunization with BV2373 alone resulted in significantly lower
titers against B.1.351 Spike compared to all other immunization regimens; immunization with
monovalent BV2438 or bivalent 1S resulted inanti-B.1.351 spike IgG titers that were the highest
among regimens tested, with no sigmificant difference between these regimens (Fig, 84A, Fig,
54B). Anumals in the placebo group exhibited undetectable anti-B.2 Spike and anti-B.1.351 spike
Ig(G titers as expected.

{04438] The ability of serum from nuce to intubit Spike to hACE2 binding was also assessed.
Al immuruzation regimens resuited 1 the production of antibodies that blocked hACEZ binding

to a CoV Spike polvpeptide with no significant difference between any groups at Day 21 {Fig.
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S4C, Fig. 84D} Yet immunization with BV2373 alone resulted in significantly lower serum titers
capable of disrupting binding between B.1.351 spike and hACEZ; titers i the BV2373 alone
immunization group were 4.6-fold lower than titers in the BV2438 alone immunization group (p
< 0.0001} and 3.1-fold lower than titers in the group that received bivalent 18 {p < 0.0001}.

{0449} We next assessed neutralizing antibody titers among the different vaccination
regimens. Sera collected from vaccinated animals at day 32 post vaccination were assessed using
SARS-CoV-2/WA1, SARS-CoV-2/B1.17 and SARS-CoV-2/B.1351 strains in a plague
reduction neutralizing titer assay (PRNTso). Sera from the monovalent BV2373 group displayed
similar neutralizing antibody titers to each of the 3 virus strains. Sera from mice immunized with
monovalent BY2438 produced elevated neutralizing antibody titers to the B 1351 and the B 1.1.7
strain compared to the B 2 strain (Fig. 84K). The heterologous vaccine group produced similar
elevated neutralizing antibody titers to the B 1.351 and the B.1.17 strain compared to the B.2 stran,
as did the hivalent BV2373/BV 2438 vaccination regimen,

{0450} BV2438 Protection against SARS-CoV-2 in BALB/c mice: Mice vaccinated as
described in Fig. 83 were evaluated for thew ability to produce protective mmmuruty against
challenge with either B.1.1.7 or B 1351 While the SARS-CoV-2/Wuhan 1 (B.2) strain does not
replicate i wild type nuce, the B.1.1.7 and B.1.351 strains have a S01Y mutation in the Spike
ORF allowing for Spike protein to bind to mouse ACE2 and enter cells. At day 46 post
vaccination, nice were intranasally tnoculated with either 7 x 10* PFU of B.1.17 (n = 10 mice per
group) or 1 X 10° PFU of B.1.351 (n = 10 mice per group). Mice were weighed daily throughout
the post-challenge period, and at 2 and 4 days post mfection (Study Days 48 and 503}, 5 muce per
group were euthanized by isoflurane mhalation. Lungs of each mouse were then assessed for viral
ioad by plaque formation assay and viral RNA by RT-PCR. Placebo BALB/¢ mice infected with
B.1.1.7 did not lose weight and there was no observed weight loss i any vaccinated group that
was fected with this SARS-CoV-2 strain. For B.1.351 mfected mice, 20% weight loss was
observed in the placebo vaccination group by day 4 post infection with B.1.351 (Fig. S84, Fig.
558). All mice vaccinated with either regimen were protected from weight loss after infection
with B.1.351, demonstrating a clinical correlate of protection in this model

{0451 At day 2 post infection, B.1.1.7 infected mice in the placebo group exhibited 4 x 10*
pfi/g lung, which dropped to undetectable levels by day 4 post mnfection in the placebo vaccinated

group. Upon immunization with any BV2373 or BV2438 regimen, there was no detectable hive
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virus at day 2 or day 4 post infection, demonstrating a greater than 5-log reduction in viral load
and protection from infection following vaccination (Fig. 38C, Fig. 551 At day 2 post infection,
B.1.351 infected mice in the sham vaccinated group exhibited 8 = 10% pfu/g lung, which dropped
to 2 x 10° pfu/g lung by day 4 post infection. Upon immunization with any rS regimen, there was
no detectable live virus at day 2 or day 4 post infection in the B.1.351 infected mice. This
demonstrates a dramatic reduction m virus titer, with > S log reduction in viral load by day 2 post
infection from the sham vaccinated mice (Fig. S5C, Fig, 55B). Lung RNA was also assayed for
subgenomic (sgRNA)Y SARS-CoV-2 mRNA production after challenge. Relative to levels in the
respective Placebo groups, we found >99% reduction in lung sgRNA levels in immunized mice at
day 2 and day 4 atter infection with both straing (Fig. 88, Fig, 55F).

[0452] These results confirm that BV2373 and BV2438 formulated with saponin adjuvant and
adounistered as monovalent, bivalent, or heterologous regimens confer protection against both
strains of SARS-CoV-2, B.1.1.7 and B.1.351, in mice. Together with the reduction in weight loss,
high neutralizing antibody titers, and elimunation of viral replication in the lungs of mice, we
dernonstrate a highly protective vaccine response by the vanant Spike targeted vaccine,

{0453] Cell-mediated immunogenicity of BV2438 in Mice: Groups of BALB/c nuce (n =
&/group} were immunized with the same BV2373 or BV 2438 regimens mentioned above, but at
a 21-day interval (Fig. 56A). A negative coutrol group {n = 4) was inyected with vaccine
formulation bufter. Spleens were harvested on study day 28, 7 days after the boost imomunization.
Splenocytes were collected and subjected to ELISpot and intracellular cytokine staining (IC5) 1o
examine cytokine secretion upon stimulattion with BV2373 or BV2438. Enzyme hinked
mmunosorbent assay (ELISA} showed greater mumbers of IFN~y producing cells compared to the
number of IL~-5 producing cells upon all vaccination regimens, signifying a Thi-skewed response
{Figs. 36B-D). Upon stimulation with either 18, strong Thi responses were ohserved by ICS as
measured by the presence of CB4+ T cells expressing IFN-y, IL-2, or TNF-¢, and multifunctional
CD4+ T cells expressing all 3 cytokines (Fig, 86K, Figs, S7TA-E). CD4+ T cells that expressed the
Th2 c¢yiokine -4 but were negative for 1L-2 and TNF-o were also present, but at a lower
proportion than that observed for Thl cvtokines (Figs. 87A-E) No sigmficant differences in
cytokine-posttive cell number were observed among vaccination groups for any cytokine tested

upon stimulation with either BYV2373 or BV2438.
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{0454] T follicular helper cells (CSCRS+PD-1+CD4+) tended to represent a greater
percentage of UD4+ T cells, though no statistically significant elevation was observed in
vaccinated animals compared to placebo animals (Fig, 56F}. Simularly, germinal center formation
was evaluated by determining the percentage of GL7+CE95+ cells among CD19+ B cells using
flow cytometry, and though a tendency toward higher percentage of germinal center B cells was
observed in vaccinated groups compared to the placebo group, only amimals immunized with the
monovalent BV 2438 regimen showed a significantly higher proportion {p = 0.049 compared to
placebo; Fig. S6G).

[0455] Anamnuestic response induced by boesting with BV2373 one year after primary
immunization with BV2373 in baboons: A small cohort of baboons (n = 9 total) were subjected
to a primary immunization series with BY2373 (either 1 pg, 5 pg, or 25 pg rS with 50 ug saponin
adjuvant, or unadjuvanted 25 ug r8). Approximately one year later, all amimals were boosted with
one or two doses of 3 pg BYV2438 with 50 ug saponin adjuvant to examine the resulting omune
responses (Fig. $8A). Seven days after the fust BV 2438 boost, animals that had onigimally received
adjuvanted BV2373 exhibuted a strong anamnestic response as exhibited by levels of anti-S (WU1)
IgG tiers higher than that orginally observed at peak wnmune response during the pumary
sumunization series (Fig. 88B). This response did not seem to be further bolstered by a second
booster dose of BV2438, though the small sample sizes utilized 1o this study prohibit a meaningful
quantitative analysis, Aoimals that received unadjuvanted BV2373 during the primary
mmunization series exhibited a weaker response to boosting with BV 2438, though still exhibited
elevated anti-S (WU1) Ig( response. The BV2438 boost ehicited comparable antibody titers
against BV2373 and BV2438, with amumals that ongmally received unadjuvanted BV2373
exhibiting a weaker response (Fig. 88C, Fig, S8D).

{0456] Serum antibody titers capable of disrupting the interaction between the wild-type CoV
S protemn (SEQ 1D NO: 2} or B.1.351 18 and hACE2 were also evaluated at before boost, and 7,
21, 35, and 89 days after the boost with 1 or 2 doses of BV2438. Simularly to what was observed
for anti-S g titers, anumals that had received adjuvanted vaccine during the primary
immunization series exhibited a strong hACEZ-inhubiting antibody response 7 days afier the
BV2438 boost, despite having undeteciable titers before the boost. Titers were slightly higher for
BY2373-hACEZ blocking antibodigs compared to levels of BV2438-hACE?2 blocking antibodies,

though the small sample size prohibits a meaningful quantitative analysis. Animals that had
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received unadjuvanted vaccine during the primary immumnization series exhibited lower hACE2
blocking titers after the BV2438 boost (Fig. 88E).

{0457} Neutralizing antibody titers were analyzed by live virus microneutralization assays by
testing sera for the ability to neutralize WAL, B.1.351 and B.1.1.7 Sera collected before the
BYV243& boost had undetectable neutralizing antibody levels agamnst all these viruses. By 7 days
post vaccination, high titer antibody that neutralized all 3 strains was detected and this antibody
response stayed high through 35 days post vaccination. Antmals immunized with unadjuvanted
BV2373 in the primary series displayed significantly lower antibody levels with a much broader
range of neutralization titers (Fig, S8¥). Together, these data demonstrate a robust durable
antibody response even 1 year after the primary vaccination series.

[0458] Mudtifunctional T cells expressing 3 Thi cytokines were also observed 7 days after
the first BV2438 booster dose in baboons, and these responses were maintained at 35 davs afier
the first booster dose (Fig. 538G and Figs. 89A-G).

{0459 Neutralization of SARS-CoV-2 Varviants by Sera from BVI373 Vaccinated
Adualts: A vaccine containing BV2373 and saporin adjuvant 1s currently 1o clinical trials globally,
mcluding i locations where B 1.1.7 and B.1.351 are prevalent. We assessed the capacity of sera
from mdividuals m these trials to neutralize USA-WAL B 1.1.7and B.1.351. Mucroneutralization
assays were performed with a PRNTso readout (Fig. 68A, Fig, 60B). Thuty randomly selected
serum samples from clinical trial participants afier thewr second dose of the vaccine were assayed.
When comparing WAT vs B.1.1.7, there was no change 10 neutralizing activity agross the majority
of the serurm samples; ouly 1 sample had a statistically signmificant change in neutralizing antibody
titers agamnst B.1.1.7. The WAL vs B.1.351 peutralization titers showed increased range of
neutralization titers with five out of 30 samples showing reduced neutralization 1 standard
deviation away from the mean wn the PRNTs assay. This data demonstrates a reduced
neutralization of B.1.351 in a small percentage of vaccinees receiving BV2373 and saponmn
adjuvant compared to B.1.1.7.

{0460} Driscussion: We have shown that a full-length, stabilized prefusion SARS-CoV-2 spike
glycoproten vaccine using the B.1.351 Spike variant adjuvanted by saponin adjuvant can induce
high levels of functional immunity and protects mice against both B.1.1.7 and B.1.351 SARS-
CoV-2 strains. Immunizing mice or non-human primates with BV2438 induced anti-S antibodies,

hACEZ-receptor inhibiting antibodies, and SARS-CoV-2 neutralizing antibodies. In addition, the
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BV2438% vaccine induced UD4™ T cell responses, induced germinal center formation and provided
proteciion against B.1.351 and B.1.1.7 challenge.

{0461} In mice, the antibodies produced after vaccination with the B.1.351 varniant-directed
vaccine were able to mhibit binding between hACE2 and variant spike or ancestral spike to the
same degree, indicating that this variant-directed vaccine could efficiently protect “backward”
against ancestral SARS-CoV-2 strains.

{0462} Analysis of human vaccine sera from our trials demonstrates a robust antibody response
and muinimal loss of neutralization. We observed that B.1.351 virus does not significantly reduce
neutralization corapared to B.1.1.7 and WA, even though there 15 evidence of breakthrough
mfections in the WAL trial participants in South Africa. All breakthrough infections were B.1.351.
Booster vaccinations containing a single or multiple variant 1S vaccines will thus  increase

antibody levels as well as broaden coverage to variants as shown 1o thus work.

Example 11

BV2373 and Saponin Adjuvant induce Protective Immune responses against heferogenesus
SARS-CoV-2 Strains after a Single Boost Dose

[0463] Participants: Healthy roale and fermale participants > 18 to < 84 vyears of age were
recruited for envollment 1o thus study. Participants were eligible f they had a body mass index of
17 to 35 ke/m?, were able to provide informed consent prior to enrollment, and (for female
participants} agreed to remain heterosexually nactive or use approved forms of contraception.
Participants with a hustory of severe acute respiratory syndrome {SARS) or 3 confirmed diagnosis
of COVID-19, sertous chronic medical conditions {e.g, duabetes melhitus, congestive heart fatiure,
autormmune conditions, malignancy), or that were currently being assessed for an undiagnosed
ilness which may lead to a new diagnosis, were excluded from the study. Pregnant or
breastfeeding females were also excluded.

{0464} Randomization: Patients were randomly assigned to five groups. Of the five treatment
groups, one was a placebo conirol (Group A} and two were active vaccine groups that were
considered for additional vaccination with a booster (Group B and Group C). After approximately
& months, consenting participants who had been randomized to receive a primary vaccination
series of either two doses of BV2373 (5 ug) and saponin adjuvant (50 pg} on Day ¢ and Day 21

{Group B) or one dose of BV2373 (5 pe) and saponin adjuvant {50 pe) on Day O and placebo on
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Day 21 (Group ) were re-randomized 1:1 to recetve either a single booster dose of BV2373 and
saponin adjuvant at the same dose level (Groups B2 and C2} or placebo {(Groups Bl or C1) at
Day 189. Group B participants are the main focus of this Example.

{0465] Purpose and Methods: We conducted a  phase 2, randomized, observer-blinded,
placebo-controlled trial in healthy adults aged 18 to 84 who recetved three intramuscular 5 pg
doses of BY2373 and 50 pg saponin adjuvant (Fraction A and Fraction C iscom matrix, also
referred to as MATRIX-M'™ in this example) or placebo (1:1). The first and second dose were
admirustered 21 days apart. The first and second dose are referred to as the “primary vaccination
series.” The third dose (“boost” dose) was administered about 6 months following the primary
vaccination series. The irgyection volume of all three doses was 0.5 mL. Safety and immunogenicity
parameters were assessed, including assays for IgG, MNsgs, and hACE2 intubition against the
ancestral SARS-CoV-2 strain and select varants (B.1.351 [Beta], B1.1.7 [Alpha], B.1 6172
[Deltal).

[0466] Participants utithized an electromic diary to record reactogenucity on the day of
vaceination and for an additional 6 days thereafter. Blood samples for immunogenicity analysis
were collected 28 days after receipt of the booster, with safety follow-up also being performed at
this time. Measures of mmumune response ncluded assays for serurn immunoglobulin G (IgG)
antibodies, neutralizing antihody activity (mucroneutralization assay at an inhibitory concentration
>50% [MNsol), and human angiotensin-converting enzyre 2 (hACEZ2) receptor binding mbabition,
Serum Ig( antibody tevels specific for the SARS-CoV-2 18 protein antigen were detected using a
quahfied Ig(s enzyme linked immunocsorbent assay (ELISA}. Neutralizing antibodies specific for
SARS-CoV-2 virus were measured usmg a qualified wild-type virus MN assay. Serum Ig(G and
MNso assay data were collected for both the ancestral and Beta variant SARS-CoV-2 strains. A
fit-for-purpose functional hACE2 mhibition assay and an anti-r8 {anti-recombinant spike} Ig(s
activity assay were both used to analyze responses against the ancestral, B.1.351 (Beta), B1.1.7
{Alpha}, and B.1.617.2 {Delta) variant strains of SARS-CoV-2.

{84671 Safety outcomes included participant-reported reactogenicity events for 7 days
following the booster, as well as unsolicited adverse events occurring through 28 days post-
booster. Booster reactogentcity was documented separately by solicited local and systemic adverse
events. Unsolicited adverse events from booster vaccination to 28 days post-booster were

recorded. Data were also collected on whether an adverse event was serious, related to vaccination,
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related to COVIE-19, a potentially immune-mediated medical condition (PIMMC), or lead to
discontinuation or an unscheduled visit to a healthcare practitioner. Participant samples for
immunogenicity analyses were collected immediately prior to and 28 days after the booster.
{8468] Statistics: Analyses included safety and immunogenicity data from participants in
Group B obtained during and after their primary vaccination series {Day €, Day 21, Day 35, Day
108, and Day 189) for comparison with data collected from Group B2 28 days following their
receipt of the booster dose (Day 217). Results were also analyzed by participant age group: > 18
to < 84 years of age, > 18 to < 39 years of age, and > 60 to < 84 vears of age.

{0469} The safety analysis included all participants who received a single booster injection of
BV2373 and saponin adjuvant {Group B2} or placebo (Group B1). Safety analyses were presented
as numbers and percentages of participants with solicited local and systemic adverse events
analyzed through 7 days afier each vaccination and unsolicited adverse events through 28 days
following the booster.

{06470] Results: A total of 1610 participants were screened. All but three participants
randomized to Group B (0=257) received both doses of BV2373 and saponin adjuvant in thew
primary vaccination series and were considered for mvestigation of a single booster dose at the
same dose level (Fig. 63). Re-randomization of Group B participants took place at Day 189, with
210 consenting participants assigned 11 1o recetve a single booster of BV2373 and sapomn
adjuvant 1 Group B2 (r=104) or placebo m Group Bl (n=106}. In Group BZ, all but one
participant recetved active vaccine as a booster. All but six participants in Group Bl received
placebo as a booster; of the remaining six participants, four did not receive any booster {of which,
one was included 1o Group Bl for safety due to an ongoing adverse event) and two received active
vaccine m error as a booster and were assessed for safety in Group B2, All but one participant in
Group A received placebo for all three doses, with the remaiming participant recetving active
vaccine as a booster dose.

{0471} Demographics and baseline characteristics were generally balanced between the active
{Group B2) and placebo (Group B1) booster groups {Table B}, except for a higher proportion of
female participants in Group B1 (58%) than Group B2 (45%). Across Groups A, Bl, and B2, the
median age was approximaiely 57 vears and 45% of participants were > 60 to < 84years of age.
Most participants were White {(87%) and not Hispanic or Latino {95%). Baseline SARS-CoV-2

serostatus was predominantly negative (98%).



WO 2022/203963 PCT/US2022/020974

{0472} Safety reporting of solicited local and systemic reactogenicity events showed an
mcreasing trend across all three doses of BV2373 and saponin adjuvant (Figs. 64A-8). Following
the booster, participants in Group B2 reported an incidence rate for any local reaction (tenderness,
pain, swelling, and ervthema} of 82.5% (13.4% > Grade 3) compared to 70.0% {5.2% > Grade 3)
following the primary vaccination series. Grade 4 local reactions were rare, with two events {pain
and tenderness) reported by one participant in Group B2 compared with no participants following
the primary vaccination series. Following the booster, local reactions were short-lived with a
median duration of 2.0 days for all events except ervthema (2.5 days). Local reactions were also
short-lived following the primary vaccination series, with median durations of 2.0 days for pain
and tenderness and 1.0 day for ervthema and swelling.

[0473] Systemic reactions showed a similar pattern with an incidence rate for any event
{fatigue, headache, muscle pan, malaise, joint pain, nausea/vomiting, and fever) of 76.5% (15.3%
> Grade 3}, compared to 32 8% (5 6% > Grade 3), following the primary vaccination series, Grade
4 gystermic reactions were rare, with three events reported by one participant n Group B2
{headache, malaise, and muscle pain) compared with no participants following the primary
vaceivation series. Following the booster, systemic reactions were transient in nature with a
median duration of 1.0 day for all events except muscle pain which had a duration of 2.0 days. All
systernic reactions were also short-lived following the primary vaceination series, with a median
duration of 1.0 day for all events.

{0474} Local and systemic reactogenteity events were fess frequent and less severe in older
adults (> 60 to < &4 years of age} when compared to yvounger adults > 18 to < 59 vears of age)
following erther the primary vaccination series or booster dose. In the younger cohort, post-booster
local and systemic reactions were reported i 84.9% {(18.9% > Grade 3 and 84.9% (26.4% > Grade
33 of participants, respectively, versus 79.5% (6.8% > Grade 3) and 66.7% {2.2% > Grade 3} of
participants, respectively, in the older cohort.

{0475} Unsolicited adverse events were summarized across the active-boosted participants
{Group B2}, placebo-boosted participants {Group B1), and participants receiving three doses of
placebo throughout the study {Group A} Through 28 days after the booster, participants who
mitially received active vaccine for their primary vaccination series {Groups B2 and B1)
experienced a higher incidence of unsolicited adverse events than those who recetved only placebo

{Group A}, with 12.4%, 12.7%, and 11.0% of participants reporting such events, respectively. A
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sinlar trend was seen for unsolicited severe adverse events (5.7%, 3.9%, and 2.4%, respectively).
Other types of AEs reported included medically attended AEs (events requiring a healthcare visit;
MAAEs), potential immune-mediated medical conditions {(PIMMCs}, events relevant to COVID
19, and sertous adverse events (SAEs).

{0476} Overall, MAAEs occurred with a shightly higher frequency in active boosted
participants across the three groups (30.5%, 26.1%, and 23.2% for Groups B2, Bl, and A,
respectively), with related events reported in few participants {1.9%, 0%, and 1.2%, respectively).
Events considered PIMMCs were rare across the study, with one participant in Group B2 and
Group A reporting a single event each; both events were assessed as not related to study treatment.
No participant reported an as adverse event related to COVID-19.

{0477} SAFEs were also infrequent across the study, occurring in 5.7%, 3.3%, and 1.6% of
participants in Groups B2, Bi, and A, respectively, with all events assessed as not related to study
treatient.

[3478] Evaluation of SAEs for Group B2 and Bl participants did not show a relationship of
with active boosting, as SAFs occurred in 0%, 4.8%, and 1.0% of participants i Group B2 and
0%, 2.0%, and 2.0% of participants n Group Bl followmg Dose 1, Dose 2, and the booster,
respectively.

{63479} Declines i Group B IgG and MNSO geometric mean titers (GMTs) were observed
following the primary vaccination series (Day 35) through Day 189 (43,905 ELISA unus [EU} to
6,004 EU for 1gG and 1,470 to 63 for MINS0, respectively). Twenty-eight days following the
booster {Day 217}, IgG and MNSO titers increased robustly compared to both the pre-booster fiters
and to the Day 35 titers produced by the primary sertes (Fig. 65, Fig, 66}.

{0480] For the ancestral SARS-CoV-2 stram, serum IglG GMTs mncreased ~4.7-fold from
43,905 EU following the primary vaccination series (Bay 35) to 204,367 EU following the booster
{Day 217). Higher fold increases after boosting were seen n older adults (5.1-fold} compared to
younger adults {4.1-fold}. Similarly, MIN50 assay GMTs specific to the ancestral SARS-CoV-2
strain increased ~4.1-fold from 1,470 10 6,023 over the same respective time poinis with increases
in older and younger adulis of 4.0-fold and 3.8-fold, respectively.

{0481 For the Beta variant, IgG GMTs increased from 4,317 EU at Day 189 pre-booster to
175,190 EU at Day 217 reflecting a post-booster increase of ~40.6-fold. These titers were 4-fold

higher than those observed at Day 35 for the ancestral strain (GMT 175,190 EU vs 43,905 EU.
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Beta vartant MINS0 assay data showed a similar fold mcrease in titers from pre-booster (Day 189)
to post-booster (Bay 217) of ~50.1-fold {GMT 13 vs 661}, though titers were lower than those
seen for the ancestral strain at Day 35 (GMT 661 vs 1,470}, (Table 9, Table 16}

{0482} Two assays were developed to assess immune responses against additional SARS-
CoV-2 vanants using participant sera from Day 35 {Group B} and Day 217 (Group B2} A
functional hACE2 inhibition assay was utilized to compare activity against the ancestral strain (a
SARS-CoV-2 virus comprising a CoV 8 polypeptide with a D614G mutation compared to SEQ
1D NO: 1) and the Delta, Beta, and Alpha variants of SARS-CoV-2. In respective order, 6-fold,
6.0-fold, 10.8-fold, 8.1 fold, and 19.9-fold increases in hACE2 inhibition titers were observed
{Table 12A, Table 12B, Figs. 62A-B) A second assay comparing anti-rS lgG activity across the
same strains of SARS-CoV-2 found that 5.4-fold (Ancestral), 11.1-fold (Delta), 6.5-fold (Beta),
9.7-fold {Alpha) higher titers were observed after the booster (Table 11A, Table 11B, Figs. 61A-~
B).

{0483] Results: Adnunistration of a single booster dose of the vaccine approximately 6 months
followmg the primary two-dose series resulted 1n an incremental increase in reactogenicity events
along with significantly enhanced immunogenicity.,

[0484] Prior to boosting at Day 189, anti-SARS-CoV-2 astibody titers i immunized
participants were markedly lower when compared with samples taken after the primary
vaceination series at Day 35 {Group B IgG and MNse GMTs lowered from 43,905 EU to 6,004
Elland 1,470 to 63, respectively). The presence of nentralizing antibodies are strongly indicative
of protection against symptomatic COVID-19,

{8485} In the present study, antibody responses to the booster were assessed for the ancestral
vaccine strain as well as for more recent SARS-CoV-2 varants mcluding Alpha, Beta, and Delta.
For the ancestral strain, IgG titers at Day 217 were approximately 34-fold higher than the pre-
booster Dray 189 titers while neutralizing antibody titers increased approximately 96-fold after the
booster. Both fg(G and MN titers after the booster were > 4-fold higher than those seen after the
primary two-dose serigs at Day 35, which 15 notable as the Day 35 titers corresponded to high
levels of clinical efficacy in both a UK phase 3 study {89.7%} as well as in 3 USA/Mexico phase
3 study {90.4%).3. When broken down by age group, higher fold increases were seen for oider
adults (= 60 to < 84 yeasrs of age} compared to younger adults (> 18 to £ 59 years of age). This

finding suggests that a booster dose may have added benefit in older adults as their antibody
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responses following the primary two-dose vaccination series were lower than those seen in
younger adults.

{0436} For the Beta vanant, 40- to 50-fold increases in IgG and MN antibody titers were seen
following the booster and IgG titers were approximately 4-fold higher than those seen for the
ancestral strain after the primary vaccination series. Unlike the observation with fgG, MNsy GMTs
for the Beta vanant were lower following the booster than those for the ancestral strain following
the primary vaccination series (GMT 661 vs 1,470} in alignment with the known decreased
neutralizing responses for this variant.

{0487} For the Delta variant of SARS-CoV-2, 6.6-fold increases in functional hACE2
mhibition titers were seen when comparing the post-booster Day 217 titers to the Day 35 titers.
Anti-rS IgG activity compared at these same time points found 9.7-fold (Delta) higher titers
associated with the booster.

{0488} The mcidence of both local and systemic reactogenicity was hugher following the 6-
mounth booster dose compared to the previous doses reflecting the increased immunogenicity seen
with the third dose. However, the ncidence of Grade 3 or higher events remained relatively low
with ouoly fatigue (12.2%) being recorded by greater 10% of participants. In total, five Grade 4
{potentially life threatening) solicited local and systernic adverse events were reported. All five of
these events (pain, tenderness, headache, malaise, and muscle pamn) were reported by the same
parficipant in the active booster group concurrently with an adverse event of drug hypersensitivity
related to the vaccine. The drug hypersensitivity event was assessed as mild i severity. The
participant did not seek any medical attention for this event, and all the participant’s sympioms
resolved over a period of 6 days.

{8489} Table 13 shows the geometric mean titer for neutralization of 99 % of a SARS-CoV-2
virus having a D614G mutation compared to SEQ 1D NO: 1 or the SARS-CoV-2 delta variant.
Fig. 67 shows the neutralizing antibody 99 {neut99) values for the immunogenic composition
comprising BV2373 and saponin adjpuvant of Example 11 against the SARS-CoV-2 strain
containing a DO14G mutation and the B.1.617 2 (delta variant}.

{0490} Overall, a single booster dose of BV2373 and sapomin adjuvant administered
approximately 6 months after the primary series induced a substantial increase i humoral

antibodies that was > 4-fold higher than antibody titers associated with high levels of efficacy in
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two phase 3 studies while also displaying an acceptable safety profile. These findings support use

of the vaccine in booster programs.
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INCORPORATION BY REFERENCE
{8491} All references, articles, publications, patents, patent publications, and patent
applications cited herein are incorporated by reference in their entireties for all purposes. However,
mention of any reference, article, publication, patent, patent publication, and patent application
cited herein 1s not, and should not be taken as, an acknowledgment or any form of suggestion that
they constitute valid prior art or form part of the common general knowledge in any country in the

world.
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CLAIMS

1. A coronavirus {CoV} Spike (5) glveoprotein comprising
{1) an S1 subunit with an mactivated funin cleavage site, wherein the 51 subunit comprises
an N-ternminal domain {(NTD), a receptor inding domain {(RBD), subdomains 1 and 2 (SD1/2},
wherein the inactivated furin cleavage site has an amino acid sequence of QQAQ;
wherein the NTD optionally comprises one or more modifications selected from the group
consisting of’
(a) deletion of one or more amino acids selected from the group consisting of amino acid
56, 57, 131, 132, 144, 145, 228, 229, 230, 231, 234, 235, 236, 237, 238, 239, 240 and
combinations thereof;
(b} insertion of 1, 2, 3, or 4 amine acids after amino acid 132; and
{(c) mutation of one or more amino acids selected from the group consisting of aming acid
56,713, 51,53, 56, 57,62, 63, 67, 82, 125, 129, 131, 132, 133, 139, 143, 144, 145, 177, 200,
201, 202, 209, 229, 233, 240, 245, and combinations thereof:
wherein the RBD optionally comprises mutation of one or more amino acids selected from
the group consisting of amivo acid 333, 404, 419, 426, 439, 440, 464, 465, 471, 477, 481, 488 and
corabmations thereof,
wherein the SD1/2 domain optionally comprises mutation of one or more anuno acids
selected from the group consisting of 557, 600, 601, 642, 664, 668, and combmnations thereof; and
(11) an S2 subunit, wherein amino acids 973 and 974 are proline,
wherein the 52 subumit optionally comprises one or more modifications selected
from the group consisting of;
{a) deletion of one or more amuno acids from 676-683, 676-702, 702-711, 775-793,
806-815 and combinations thereof:
{b} mutation of one or more ammno acids selected from the group consisting of 688,
703, 846, 875, 937, 969, 1014, 1058, 1103, and 1163 and combinations thereof, and

(¢} deletion of one or more amine actds from the TMCT;
wherein the ammo acids of the CoV S glycoprotemn are numbered with respect to a polypeptide

having the sequence of SEQ ID NGO 2.
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2. The coronavirus S glycoprotein of claim 1, comprising deletion of aming acids 676-685.

The coronavirus S glycoprotein of claim 1, comprising deletion of aming acids 702-711.

(43

4 The coronavirus S glycoprotein of claim 1, comprising a deletion of amino acids 806-

815.

5. The coronavirus S glycoprotein of claim 1, comprising a deletion of amino acids 775-
793

6. The coronavirus S glycoprotein of claim 1, comprising deletion of amino acids 1-292 of
the NTD.

7. The coronavirus S glycoprotein of claim 1, comprising deletion of amino acids 1201-

1260 of the transmembrane and cytoplasmic tail {TMCT).

8. The coronavirus S glycoprotein of claim 1 comprising or consisting of an amino acid
sequence selected from the group consisting of SEQ 1D NOS: 85-89, 105, 106, and 112-

115, 164-168.
9. The coronavirus S glyvcoprotemn of any one of claims 1 to 8 comprising a signal peptide,
optionally wherein the signal peptide comprises an ammno acid sequence of SEQ Il NO:

Sor SEQID NO: 117,

( 1e coronavirus S slvcoprotem of any one of claims 1 to 9 comprising a C-termina
10 T} S gls 1 £ an fcl 1t09 ga -t i

fusion protem.

i1 The coronavirus S glycoprotein of claim 10, wherein the C-termunal fusion proteinis a

hexahistidine tag.
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12.

foldon.

13.

14

15,

16.

17.

18

19.

20.

21

The coronavirus S glycoprotein of claim 10, wherein the C-terminal fusion protein s a

The coronavirus 8 glycoprotein of claim 12, wherein the foldon has an amino acid

sequence corresponding to SEQ 1D NG 68,

The coronavirus S glycoprotein of any one of claims 1-13, wherein the AHcal is at least

2-fold greater than the AHcal of the wild-type CoV 8 glycoprotein (SEQ 1D NO: 2}

The coronavirus S glycoprotein of any one of claims 1-14, wherein each of

the 82 subunit, NTD, RBD, and SD1/2 15 95 % identical to the corresponding subunit or
domain of the CoV S glycoprotein having an amino acid sequence of SEQ ID NG: 2.
The coronavirus S glycoprotein of any one of claims 1-14, wherein each of

the 82 subunu, NTD, RBD, and SD1/2 13 97 % 1dentical to the corresponding subunit or
domamn of the CoV § glycoprotein having an anuno acid sequence of SEQ D NG: 2.
The coronavirus S glycoprotein of any one of claims 1-14, wherein each of

the 82 subunit, NTD, RBD, and SD1/2 15 99 % 1dentical to the corresponding subuntt or
domain of the CoV S glycoprotein having an ammo acid sequence of SEQ ID NG 2.
The coronavirus S glycoprotein of any one of claims 1-14, wherein each of

the 82 subunit, NTD, RBD, and SP1/2 153 99.5 % wdentical to the corresponding subunit
or domain of the CoV 8 glycoprotern having an amino acid sequence of SEQ ID NO: 2.
An isolated nucleic acid encoding the § glycoprotein of any of claims 1-18.

A vector comprising the nucleic acid of claim 19.

A nanoparticle comprising the coronavirus 8 glycoprotein of any one of claims 1-18.
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22. The nanoparticle of claim 21, wherein the nanoparticie has a Zavg diameter of between

about 20 nm and about 35 nm.

23. The nanoparticle of claim 21, wherein the nanoparticie has a polydispersity index from
about 0.2 to about (.45

24, A cell expressing the coronavirus S glycoprotein of any of claims 1-18.

25 A vaccine composition comprising the coronavirus § glycoprotein of any one of claims
1-18 and a pharmaceutically acceptable buffer.

26, The vaccine composition of clairo 25, comprising an adjuvant.

27 The vaccine composition of clairo 26, wherein the adjuvant comprises at least two 1scom
particles, wherein:

the first 1scom particle coroprises fraction A of Quillaja Saponaria Molina and
not fraction C of Quiliaja Saoponaria Molina; and

the second 1scom particle comprises fraction C of Quifigja Saponaria Molina and
not fraction A of Quiliaja Saponaria Molina.

28, The vaccine composition of ¢laim 27, wheremn fraction A of Owillaja Saponaria Molina
and fraction C of Chuillaja Saponaria Molima account for about 85 % by weight and
about 15 % by weight, respectively, of the sum of weights of fraction A of Challaja
Saponaria Molina and fraction C of Quiliaja Saponaric Mohna m the adjovant.

29, The vaccine composition of claim 27, wherein fraction A of Quillaja Saponaria Molina

and fraction C of Quiliaja Saponaric Molma account for about 92 % by weight and
about 8 % by weight, respectively, of the sum of weighis of fraction A of Quillaja

Saponaria Molina and fraction C of Uuillaja Saponaria Molina in the adjuvant.
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30. The vaccine composition of claim 26, wherein the adjuvant 1s administered at a dose of
about 50 ug.

31 A method of stimelating an immune response against SARS-CoV-2 in a subject
comprising administering the vaccine composttion of any one of claims 25-30

32. The method of claim 31, wherem the subject is administered a fust dose at day Oand a
boost dose at day 21

33 The method of claim 31, wherein the subject 1s administered from about 3 pg to about 25
ng of coronavirus S glycoprotein.

34, The method of claim 31, wherein the subject 1s administered about 5 ug of coronavirus S
glycoprotein,

3s. The roethod of any ove of claims 31-34, wherein the vaccine coraposition 1s adrimstered
mtramuscularly.

36. The method of any one of claims 31, 33, 34, and 35, wherein a single dose of the vaccme
composition s admmistered.

37. The method of any one of claums 31-35, wherein multiple doses of the vaccine
composition are adminstered.

38 The method of any one of claims 31-37, wheremn the vaccine composition 13
coadministered with an influenza glycoproteim.

39 An immunogenic composition Comprising:

{1} a nanoparticle comprising a coronavirus S {CoV 8} glvcoprotein of any one of
claims 1-18, and a non-1onic detergent core;

(11} a pharmaceutically acceptable buffer, and
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{11} a saponin adjuvant.

The immunogenic composition of claim 39, comprising from about 3 g to about 25 pg of

CoV 8 glycoprotemn.

41,

B
(43

44.

LA

46,

The nomunogenic composition of claim 40, comprising about 5 ug of CoV S glycoprotein.
b feid bk e foe)

The immunogenic compostiion of claim 39, wherein the saponin adjuvant comprises at
least two iscom particles, wherein:

the first iscom particle comprises fraction A of Quillaja Saponaria Molina and not
tfraction C of Quillaja Saponaric Molina; and

the second 1scom particle comprises fraction { of Quillaja Saponaria Molina and

not fraction A of Quillaja Saponaria Molina.

The immunogenic composition of claim 42, wherein fraction A of Quillaja Saponaria
Molina accounts for 50-96% by weight and fraction C of Quillaja Saponaria Molina
accounts for the remainder, respectively, of the sum of the weights of fraction A of Quillaja

Saponaria Molina and fraction C of Quillaja Saponaria Molina in the adjuvant,

The immunogenic composition of claim 42, wherein fraction A of Quillaja Saponaria
Molina and fraction C of Quillaja Saponaria Molina account for about 85 % by weight
and about 15 % by weight, respectively, of the sum of the weights of fraction A of Quillaja

Saponaria Molina and fraction C of Quillaja Saponaria Molina 1 the adjuvant.

The unrounogenic composition of clamm 39, comprising about 530 ug of saporun adjuvant.
& = &

The momunogenic composition of claim 39, wheren the novn-ionic detergent 15 selected

from the group consisting of polysorbate-20 (PS20), polysorbate-40 (PS40}, polysorbate-
60 (PS60), polysorbate~-65 (PS6S), and polysorbate-80 (PS80).
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47 A method of stimulating an mmmune response against SARS-CoV-2 or a heterogensous
SARS-CoV-2 strain i a subject comprising administering the timmunogenic composition

of any one of claims 39-406.

48, The method of claim 47, wherein from about 3 pg to about 25 ug of CoV 8 glycoprotein

1s administered.

49, The method of claim 47 or 48, wherein about 5 ug of CoV § glycoprotein is administered.

50. The method of any one of claims 47-49 wherein the saponin adjuvant comprises at least
two iscom particles, wheremn:
the first iscom particle comprises fraction A of Quillaya Saponaric Molina and not
fraction C of Chillaja Saponaria Molina; and
the second 1scom particle comprises fraction C of Quiflaia Saponaria Molina and

not fraction A of Quiliaja Saponaria Molina.

(]

1. The method of claim 30, wheremn fraction A of Qwillaja Saporaria Molina accounts for
50-96% by weight and fraction C of Quillaja Sapornaric Molina accounts for the remainder,
respectively, of the sum of the weights of fraction A of Quillgia Saponaria Molina and fraction

C of (hallaga Saponaria Molina i the adjuvant.

52, The method of claim 50 or clamn 31, wherein fraction A of Quillaja Saponaria Molina
and fraction C of Chnllaja Saponaria Mohina account for about 85 % by weight and about 15 %
by weight, respectively, of the sum of the weights of fraction A of Quiliaja Saponaria Molina and

fraction C of Quillaja Saponaria Molina m the adjuvant.

53, The method of any one of claims 47-52, comprising administering about 50 pg of the
¥ > £ g HE

saponin adjuvant.
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The method of any one of claims 47-53, wherein the non-ionic detergent is selected from

54,
the group consisting of polysorbate-20 {(PS20), polysorbate-40 {(PS40), polysorbate-60 (PS60),

polysorbate-65 (PS65), and polysorbate-80 (PS80},
S5, The method of any one of claims 47-54, wherein the subject 1s admuinistered a first dose at

day 0 and a boost dose at day 21,
The method of any one of claims 47-35, wherein a single dose of the immunogenic

36.
composition is administered.
The method of any one of claims 47-56, further comprising administering a second

57.
immunogenic composttion different from the immunogenic composition of clanm 47

The method of claim 57, wherein the second immunogenic composition comprises an

S8,
mRNA encoding a SARS-Cov-2 Spike glycoprotein, a plasoud DNA encoding a SARS-
Cov-2 Spike glycoprotein, a viral vector encoding a SARS-Cov-2 Spike glyvcoprotemn, or

an mactivaied SARS-CoV-2 virus.

The method of any one of claims 47-38, wherein the heterogenous SARS-CoV-2 strain 18

LA

9.
selected from the group consisting of a B.1.1.7 SARS-CoV-2 stram, B.1.351 SARS-CoV-
2 strain, P.1 SARS-CoV-2 strain, B.1 617.2 SARS-CoV-2 strain, B.1 525 SARS-CoV-2
strain, B.1.526 SARS-CoV-2 strain, B.1.617.1 SARS-CoV-2 strain, a C.37 SARS-CoV-2

strain, B.1.621 SARS-CoV-2 strain, and a Cal 200 SARS-CoV-2 strain.

60 The method of any one of claims 47-59, wherein the efficacy of the immunogenic

composition for preventing coronavirus disease-19 {COVID-19} 15 at least about S0 %, at

least about 55 %, at least about 60 %, at least about 65 %%, at least about 70 %, at least
about 75 %, at least about 80 %, at least about 85 %%, about ieast about 90 %, at least
about 91 %, at least about 92 %, at least about 93 %4, at least about 94 %, at least about 95

%, at least about 96 %, at least about 97 %, at least about 98 %, at least about 99 %, or
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64.
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about 100 % for up to about 2 months, up to about 2.5 months, up to about 3 months, up
to about 3.5 months, up to aboui 4 months, up to about 4.5 months, up to about 5 months,
up to about 5.5 months, up to about 6 months, up to about 6.5 months, up to about 7
months, up to about 7.5 months, up to about & months, up to about 8.5 months, up to
about @ months, up to about 9.5 months, up to about 10 months, up to about 10.5 months,
up to about 11 months, up to about 11.5 months, or up to about 12 months after

administration of the immunogenic composition.

The method of any one of claims 47-60, wherein the efficacy of the immunogenic
composition for preventing coronavirus disease~-19 {COVID-19) 1s from about 50 % to
about 99 %, from about 30 % to about 95 %, from about 50 % to about 90 %, from about
50 % to about 85 %, from ghout 530 % to about 80 %, from about 66 % 1o about 99 %,
from about 60 % 1o about 95 Y%, from about 60 % to about 90 %, from about 60 % to
about 85 %, from about 60 % to about 80 %, from about 40 % to about 99 %, from about
40 %% to about 95 %, from about 40 9% to about 90 %, from about 40 % to about 85 %,
from about 40 % to about 80 %, from about 40 % to about 75 %, from about 40 % to
about 70 %, from about 40 % to about 65 %, from about 40 % to about 35 %, or from
about 40 % to about 30 % for up to about 2 months, up to about 2.5 months, up to about 3
months, up to about 3.5 months, up to about 4 mouvths, up to about 4.5 months, up 1o
about 5 months, up to about 3.5 months, up to about 6 months, up to about 6.5 months, up
to about 7 months, up to about 7.5 months, ap to about 8 months, up to about 8 5 months,
up to about 9 months, up to about 9.5 months, up to about 10 months, up to about 10.5
months, up to about 11 months, up to about 11.5 months, or up to about 12 months after

administration of the immunogenic composition.

The method of any one of claims 47-61, wherein the COVID-19 1s muld COVID-19.

The method of any one of claims 47-61, wherein the COVID-19 1s moderate COVIER-19.

The method of any one of claims 47-61, wherein the COVID-19 15 severe COVID-19.
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A method of inducing a protective immune response against a heterogenous SARS-CoV-
2 strain, comprising administering to a subject a nanoparticle comprising a coronavirus S
(CoV §) glveoprotein having the amino acid sequence of SEQ ID NG: 87, and a non-
ionic detergent core, a pharmaceutically acceptable buffer, and (111) a saponin adjuvant,
wherein the heterogenous SARS-CoV-2 strain has a SARS-CoV-2 S glycoprotem having
from about 1 to about 60 modifications compared to a SARS-CoV-2 glycoprotein of SEQ
D NG 1.

The method of claim 65, wherein the heterogeneous SARS-CoV-2 strain has a SARS-
CaV-2 § glycoprotein having from about 1 to about 20 modifications, from about 1 to
about 10 modifications, from about 10 to about 20 modifications, from 10 to about 30
modifications, from about 10 to about 40 modifications, from 10 to about SG
modifications, from 10 to about 60 modifications, from 20 to about 60 modifications,
from 20 to about 50 modifications, from about 20 to gbhout 40 modifications, from about
5 to about 15 modifications, or from about 5 to about 10 modifications compared to a

SARS-CoV-2 glycoprotein of SEQ ID NO: 1
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LAHTIADYTAdASAQAAINDOSDOSODONTOSOISLND D TNILAWAIVIIOVIAD TAIAM
dATAQAAMO THO TANTS AN TN AVA AN THAI AN OINAAS Y NIDSTAD TAAAdS LHNMAA N
TATNASATIIOTIAAALNNAIDIAAGONDSALLNALLIOJAAANYOLAIMHLDONSAIAD
THLTHYIADAHDIVAVLLANTAOVIAALAH TIAADHIVSOdASIW TH AD MDD AAATISOO ]
AASALIVVINVSVUIAVV I TOOLAALOTISO TAO LI THAIOA AV AANA TS TIANTASS]
VOANSSTONMATINTVOVNONAATO TIDTVSVLSS ISUONIDIVSNAONVI TIONANTANO
LADIONIIAVNOWVAJIOTVYOVOALMDSLILOVTTIVSLAOVINAQI T IddTATIONANMO
VO TIVVIAY IDADAO M ADVAV ILAMNATIAALAS NS ENS dAd HOS ANAD DA dd L
STAIONAOVAATZOLNIAOTAVIDLTVINTOLDASDAO TTINS DALSADIIAWLDAASI LA
SAdHALLASLLANLAIVISNNS AVASNAVO TSI L AVIISOSVASHYHUAISNLOLOASYIIDY
OIJIADAASNNAHAVOITOOVHLOAANSDLS AAMM LA TOAVHIVAJA ALONAGONTAVA
ONSINIDALIASADOAS DA LI UATLOdMIAVALLAVIAYDAOO A LIBINS AL TADLOI T
ONANANADINIAINLSINIODAIVAVHTTHIS TAAAY AJOADADNLAOADASO TdAADN
ADFADONIILSDVOATALSIAIAAT INS A TIATAN AND DAMSTTINNSNMVYIADDLAAA
dTIANAQYIIDLODIVIOUATADHIAASAVAAN LI TANTALISAD ADMALS ASVSNATA
SAQVAONSITINMVAASYIMIVNIATDAID INLINGTIAISALIO AMANS LOAIONIALIS
N TLOMLASTdATV DAAVALILONAN AN TTALIIOTADAAAVVVOVLIMDSSSADIITASYH
TV TILOTILINIDIdTAA TdTTVSADOd TAIATNIALH NS AL A DQINSAA AT INLANOO Y
DT TAWTAOSAATALONNY SS AAY AAS TAM S SINNTHAAAD TIdANDAOTADATIAANIY
NNATTISOLMS U TLLOAIMOMINS MHLS VAAADUNAL TAINAAINLONLOSAHIVHAM LA
NSAAdTAITAOLSHIASSHAANAd A AADULASNLAVAd TOLA LI INADOSSA TITIATIA AN

L D4

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/020974

WO 2022/203963

21141

aus aleassp 28

sus sbeARsi0 25/1LS

Lot G0

Fl

A

Z "bi

LS

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/020974

WO 2022/203963

dZ-ddV-DE  '8LCCZAH

TommTm e S B8EZAY SYASOVDDJSN 18982Ad
<m{sm.w.>vm2miﬂmmﬁwmx ACJU-6LOE w<>mm<mmnmwz ACQU-BL0E

aUs mmm@mﬁ FAS
FAY 1EC GOE i

_ e = o

3/141

d288/N/d986M wwm:m wwd
uopeInl 47 Joneouns

apndad uoisn4 uolEInuW DYDD
o)s abeARRID ZS/1S

08

¢ B4

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/020974

WO 2022/203963

{141

4

A

s e

0

5 B

gesiHDE
CLETAY

df
vLECAE

470t
ELELAY

TEN L
OLETAS

EdV-0E
6OLEIAE

Lddv-0t
89ETAE

y 014

1d4¥-0¢
(98NS

A .8

=

30A-plim

99EdAd

OvoD
G9EAY

QINV
PIETAY

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/020974

(s ous| {s) eui]
8 008 00 002 0

PR T T T AT T W

06CL 000 008 008 00y BOC 0 Qomf 000k O

e

(4VOE, * 69EZAE LVO0, © G982AY LA UIBUST NG, ¢ LOEZAY

5/141

(s) auny SENT

{ _
0071 00K 600% 006 OB 00L 009 006 0¥ 006 000 00V 0 Q071 0GLE 00O 006 09 00/ 00O 0% 00w 00F 007 Q01 O (6] au
_____:____:______:_____:______:_____:_____f____m‘_:______ __;___,___:___:,__.u_:mm_:__m__,_____m__:___________ﬁ_\_:___: @ OO_NW Qw_aw Qmm Omm oﬁ_uw @m_um \w

L1 1 1\ i I I

WO 2022/203963

A, PLECAY 408, - €LEENY LOV0D, [G9LZNg G mmnm

SUBSTITUTE SHEET (RULE 26)




PCT/US2022/020974

WO 2022/203963

6/141

UONBIDOSSID

LOBIOSSE

{s) aun}
j00L 406 G080 009 OO Q0%

ool oo n v lo o v bavn i beranbsv v leraalby
- - P e e

s,
Ay

AR NI EEE NEE]

(s} sus)
000 005 O0F 0% 002 0oL 0

000 006 008 me

¥
[

NSRS RN RS EEE N NN O

et e

)

- OST TrVANG) § U9,

-

 WU0SY (L98ZAE) § GIAOD |
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ n:mc

Wil

05t (S6iAG) S SHAN

‘\\\\\\

R L T T T T RO

Joydedes Z30v pulq JoU $80P SHIANW

g ‘014

J01daosl v4d0 Buipuig

SUBSTITUTE SHEET (RULE 26)



WO 2022/203963

PCT/US2022/020974

71141

LO00'0

{161} uoneUaZUON

000% < - PddQy
8¢ - §3¢C7AH
8¢ - 1982AH

UWDU0S 01 - 24094

peddy : §95ZA8 €
pddOU © L9EZAE /-

ZIAOVY : §9CZAE 4%

Yt

2ATVY - L9LIAE

i,
Vi,
Giid

Z.

%

%
%
%
%
%
%

%
%
|23
2

V\\\\\\

Z N\\\\\\\\
s,
Uil
L
P22

uigjosd § 61-QIAOD 01 Buipuig Z30vY

/ B

il A

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/020974

WO 2022/203963

{141

8

eLll

7

ADVdd TS dE
AZBVIMNTTAES LM

SYASDVDDJSN D¢
m<>wm<mm&wz AR

2Us
/ \\ mmm\%@mu FAS \\\
LEE G0¢

Lo |
dLBEN L9866 uonenu
§89-DYDD-Z89
UoReINW 47 SIS SBBACD 26/LS
PAS -

R NAANS
g D4

Pl

SUBSTITUTE SHEET (RULE 26)



WO 2022/203963 PCT/US2022/020974

8/141

Fig. 9

Wild Type BV2365 BV2373
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Fig. 13A

Anti-SARS-CoV-2 Spike IgG

Two Doses
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Fig. 14
hACEZ2 Receptor Blocking Antibody
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Fig. 15

SARS-CoV-2 Neutralizing Antibody
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Fig. 20B

TNF-g* CD4 T cells
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Fig. 20D
Two Cytokine™ CD4 T cells

p <0.0001

PCT/US2022/020974

28/141

LM =¥ o 4

(°'801) 90T / S11®2 L +v 0D
BARISOH BUDRIOIATY OM ]

SUBSTITUTE SHEET (RULE 26)

10 g 10 g Control

BVZ2373:
Matrix-M ™™



WO 2022/203963

Fig. 20E

IFN-y*, TNF-a*, IL-27 CD4 T cells
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TNF-at CD8 T cells

Fig. 21B
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Fig. 21C

-2 CD8 Teells
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Fig. 21D
Two Cytokine™ CD8 T celis
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Fig. 21E
IFN-y*, TNF-at, IL-27 CD8 T cells
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Fig. 29D

Two Cytokinet CD4 T cells
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Fig. 38E
Correlation of Anti-S 1gG Titer and hACEZ2 Receptor Inhibition

in macagues
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hACE2 Receptor Inhibition (RI)
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