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(57) Abstract: The invention describes a method of generating antibodies to a mixture of SARS-CoV-2 peptidogenic proteins or
polynucleotides encoding SARS-CoV-2 peptidogenic proteins wherein the SARS-CoV-2 peptidogenic protein has altered conforma-
tional dynamics as compared to a SARS-CoV-2 starting protein and wherein the SARS-CoV-2 peptidogenic protein has a similar con-
formation to the SARS-CoV-2 starting protein. The SARS-CoV-2 peptidogenic proteins can be used to induce an immune response,
which can lead to the generation of antibodies and/or can be used to vaccinate a mammal.
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SARS-CoV-2 Vaccines and Antibodies
Cross-Reference to Related Applications
[0001] This application claims the benefit of priority of US Provisional Application No.
63/075,043, filed September 4, 2020, Application No. 63/132,943, filed December 31, 2020, and
Application No. 63/211,397, filed June 16, 2021, all of which are incorporated by reference herein
in their entirety for any purpose.
Sequence Listing

[0002] The present application is filed with a Sequence Listing in electronic format. The Sequence
Listing is provided as a file entitled “2021-09-02_01308-0003-0PCT Seq List ST25.txt” created on
September 2, 2021, which is 300,679 bytes in size. The information in the electronic format of the

sequence listing is incorporated herein by reference in its entirety.

Introduction

[0003] Methods for making antibodies have been around for over 100 years and are routinely used
by the skilled artisan. See, for example, Morrison et al., Science 229:1202 (1985); Oi et al.,
BioTechniques 4:214 (1986); Cabilly et al., U.S. Patent No. 4,816,567 Taniguchi et al., EP 171496;
Morrison et al., EP 173494; Neuberger et al., WO 8601533; Robinson et al., WO 8702671; Boulianne
et al., Nature 312:643 (1984); Neuberger et al., Nature 314:268 (1985). Improved methods for
generating antibodies have extended these initial methods and have been used to generate many of
the therapeutic antibodies now being sold commercially. For example, technologies such as phage
display and transgenic mice, that is, mice containing the human immunoglobulin genes, have been
used to generate fully human antibodies. However, certain antigens continue to challenge a
researcher’s ability to raise antibodies even when using the most current techniques.

[0004] To induce a cell-mediated immune response within the human body, foreign proteins are
broken down into smaller peptides, usually between 8-24 amino acids in length, and are bound to
MHC molecules, for display on the surface of antigen presenting cells. The MHC-bound peptides
are presented to T-cells to trigger a cell mediated immune response.

[0005] The three-dimensional (3D) structure of proteins has been implicated as a factor in
proteolytic processing and presentation of epitopes (see, Carmicle et al., Molecular Immunology
(2007) vol. 44: 1159-1168). Moreover, Ohkuri et al. (see, Okhuri et al., J. Immunol., (2010), vol.
185: 4199-4205) agreed that conformational stability of a protein is an immunologically dominant
factor. However, there is no consensus regarding exactly how the 3D structure affects the immune

response.
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[0006] Delamarre et al. (see, Delamarre et al., JEM, (2006), vol 203: 2049-2055) found that less
digestible forms of proteins that were less susceptible to digestion via lysosomal proteolysis were
more immunogenic, and therefore, concluded that increasing protein stability improved the immune
response. For example, Delamarre et al. showed that the immunogenicity of protein antigens can be
improved by reducing susceptibility to proteolysis. Similarly, Mirano-Bascos et al. (see, Mirano-
Bascos et al., J. of Virology, (2010), vol. 84: 3303-3311) mutated cysteine residues to prevent each
of three disulfide bonds from forming, and determined that the CD4+ T-cell response was broadly
reduced for all three variants. Mirano-Bascos et al. similarly concluded that global destabilization of
the 3-D structure of a protein reduced antigenic presentation and led to a suppressed immune
response. In other studies, such as for example, Nguyen et al., Vaccine, (2015), vol. 33: 2887-2896,
outer domain disulfide bonds were deleted with the expectation that such deletions would improve
antigenic presentation. Instead, a typical pattern of epitope dominance was observed and the authors
concluded that it may not be possible to generate a substantially stronger immune response.

[0007] Other groups similarly conclude that protein stabilization is needed for an immune response.
For example, Deressa et al., (see, Deressa et al., PLOS, (2014), vol. 9: 1-12) concluded that even
minor modifications in the amino acid sequence of an antigen caused fundamental quantitative and
qualitative changes in the immune response. Likewise, Porta et al. (see, Porta et al., PLOS, (2013),
vol. 9: 1-8) reported that stability is needed for inducing an immune response. Other groups such as
Thomas (see, Thomas et al., Human Vaccines & Immunotherapeutics, (2013), vol. 9:744-752)
similarly concluded that increasing thermal stability for peptides elicited a better immune response.
[0008] In contrast, other groups such as So (see, So et al., Immunology, (2001), vol. 104: 259-268)
report conflicting results. So et al. investigated the effect of crosslinking (e.g., removing cross-links
and adding crosslinks) on the magnitude of in vivo T-cell responses and found that removing such
crosslinks led to better antigen processing and an improved immune response. Similarly, Thai et al.,
J. Biol. Chem. (2004) vol. 279: 50257-50266) reported mutating surface accessible residues to
decrease stability and increase conformational dynamics to increase the immunogenicity of the
protein antigen. Thai et al. 1s also directed towards administration of single antigens.

[0009] There is no consensus on whether removing or adding crosslinks improves or inhibits
antigen processing. Accordingly, it is unclear in the art as to whether increasing or decreasing protein
stability would lead to an improved immune response comprising a broad, diverse array of antibodies.
[0010] Thus, there continues to be a need to develop new and improved methods of generating
antibodies which can provide a different and broader repertoire of antibodies than previously

obtained.
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Summary of the Invention

[0011] This summary is provided to introduce a selection of concepts in a simplified form that are
further described below in the Detailed Description. This summary is not intended to identify key
features or essential features of the claimed subject matter, nor is it intended to be used as an aid in
determining the scope of the claimed subject. As described herein, the invention is directed towards
a composition comprising: (a) a SARS-CoV-2 peptidogenic protein, wherein said peptidogenic
protein has altered conformational dynamics as compared to a SARS-CoV-2 starting protein and
wherein the SARS-CoV-2 peptidogenic protein is similar in conformation to the SARS-CoV-2
starting protein, and wherein said SARS-CoV-2 starting protein is selected from at least one of the
proteins listed on Table 2; or (b) a Spike fragment; or (¢) a polynucleotide encoding (a) or (b); or (d)
any combination of (a), (b) and/or (¢). This composition can be used in a method of triggering an
immune response. For example, such method comprises designing a mixture of SARS-CoV-2
peptidogenic proteins derived from a SARS-CoV-2 starting protein, wherein the SARS-CoV-2
peptidogenic proteins have altered conformational dynamics as compared to the SARS-CoV-2
starting protein and wherein the SARS-CoV-2 peptidogenic proteins are similar in conformation to
the SARS-CoV-2 starting protein, introducing the SARS-CoV-2 peptidogenic proteins to an animal
and generating an immune response. The SARS-CoV-2 peptidogenic proteins, the Spike fragment,
and/or the polynucleotides can be introduced into the animals directly (by, for instance, inoculation
or immunization) or can be expressed in vivo by polynucleotides that have been introduced into the
animal and which encode the SARS-CoV-2 peptidogenic proteins. Upon expression of these SARS-
CoV-2 peptidogenic proteins and/or the Spike fragment, the immune response is triggered to generate
antibodies both to the SARS-CoV-2 peptidogenic proteins and to the original SARS-CoV-2 starting
protein.

[0012] In preferred embodiments a non-surface amino acid residue is replaced with a smaller
amino acid residue in the SARS-CoV-2 starting protein. In further preferred embodiments, the
smaller amino acid is an alanine or glycine. In other preferred embodiments, at least 2, 3, 4, 5, 6, 7,
8, 9 or 10 amino acids are replaced in the SARS-CoV-2 starting protein. In still other preferred
embodiments, at least 10 amino acids, at least 20 amino acids, at least 30 amino acids, at least 40
amino acids, or at least 50 amino acids are replaced in the SARS-CoV-2 starting protein. In still other
preferred embodiments, multiple amino acid replacements are distributed across a mixture of
proteins. For example, in one embodiment, to mutate 10 different residues, the SARS-CoV-2 starting
protein 1s mutated 10 different times to generate 10 different SARS-CoV-2 peptidogenic proteins,
each with a single amino acid replacement. Each of the ten proteins (or polynucleotides encoding
the ten proteins) are mixed together to inoculate the animal. In some cases, wild type SARS-CoV-2

starting protein or protein fragment, i.e. the protein or protein fragment with no mutations, is part of
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the mixture. In further preferred embodiments, at least one disulfide bond is eliminated in the SARS-
CoV-2 starting protein, such as, for example, replacing the cysteines with alanines, serines, and/or
glycines, etc. In further preferred embodiments, both cysteines involved in the formation of the at
least one disulfide bond in the SARS-CoV-2 starting protein are replaced with alanines, serines,
and/or glycines, or preferably with alanines or glycines, etc. In further preferred embodiments, the
conformational dynamics of the SARS-CoV-2 starting protein is altered by replacing (a) at least one
threonine with a valine, alanine, glycine or serine; or (b) at least one cysteine with alanine, valine,
glycine, serine or threonine; or (c) at least one valine with alanine, glycine, leucine or isoleucine; or
(d) at least one leucine with alanine, valine, glycine, or isoleucine; or (e) at least one isoleucine with
alanine, valine, leucine, or glycine; or (f) at least one proline, methionine, phenylalanine, tyrosine, or
tryptophan with alanine, valine, leucine, isoleucine, or glycine; or (g) at least one aspartic acid or
asparagine with glycine, serine, threonine, alanine, valine, leucine, or isoleucine; or (h) at least one
glutamic acid or glutamine with aspartic acid, asparagine, glycine, serine, threonine, alanine, valine,
leucine, or isoleucine; or (i) at least one lysine with arginine, histidine, glycine, serine, threonine,
alanine, valine, methionine, leucine, or isoleucine; or (j) at least one arginine with lysine, histidine,
glycine, serine, threonine, alanine, valine, methionine, leucine, or isoleucine; or (k) at least one
histidine with lysine, arginine, glycine, serine, threonine, alanine, valine, glutamine, asparagine,
leucine, or isoleucine; or (1) at least one alanine with a glycine; or (m) at least one residue with a non-
natural amino acid; and/or (n) any of the above combinations.

[0013] In still further preferred embodiments, the conformational dynamics of the SARS-CoV-2
starting protein is altered by replacing: (a) at least one tryptophan with tyrosine, phenylalanine,
methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or (b) at least one tyrosine with
phenylalanine, methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or (c) at least one
phenylalanine with tvrosine, methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or
(d) at least one proline with methionine, leucine, isoleucine, valine, alanine, or glycine; or (e) at least
one histidine with phenylalanine, tyrosine, methionine, isoleucine, leucine, valine, alanine, glycine,
lysine, arginine, serine, threonine, asparagine, or glutamine; or (f) at least one methionine with
isoleucine, leucine, valine, alanine or glycine; or (g) at least one isoleucine with leucine, valine,
alanine or glycine; or (h) at least one leucine with isoleucine, valine, alanine or glycine; or (i) at least
one valine with alanine, glycine, leucine, or isoleucine; or (j) at least one cysteine with alanine, valine,
glycine, serine or threonine; or (k) at least one aspartic acid with glutamic acid, glutamine, asparagine,
glycine, serine, threonine, alanine, valine, leucine, or isoleucine; or (1) at least one glutamic acid with
aspartic acid, glutamine, asparagine, glycine, serine, threonine, alanine, valine, leucine, or isoleucine;
or (m) at least one alanine with a glycine or proline; or (n) at least one serine with alanine or glycine;

or (0) at least one glycine with alanine or proline: or (p) at least one lysine with arginine, histidine,
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glycine, serine, threonine, alanine, valine, methionine, leucine or isoleucine; or (q) at least one
asparagine with glycine, alanine, serine, threonine, valine, leucine, isoleucine, glutamine, aspartic
acid or glutamic acid; or (r) at least one glutamine with glycine, alanine, serine, threonine, valine,
leucine, isoleucine, glutamine, aspartic acid, glutamic acid, or histidine; or (s) at least one arginine
with lysine, histidine, glycine, serine, threonine, alanine valine, methionine, leucine, or isoleucine;
or (t) at least one threonine with valine, alanine, glycine or serine; or (u) a hydrophobic residue with
a smaller, similar hydrophobic residue; or (v) at least one residue with a non-natural amino acid; or
(w) any of the above combinations. A combinatorial approach may be used to determine optimal
substitutions to increase peptidogenicity.

In preferred embodiments, the SARS-CoV-2 peptidogenic protein is selected from the Spike
glycoproteins SPIKE SARS2 (PODTC2) (SEQ ID NO:15) or SPIKE SARS (P59594) (SEQ ID
NO:16). In further preferred embodiments, the Spike protein is mutated at any of the following
positions: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543 of SEQ ID
NO:15; (B) Val308, Ile326, Val350, 11e358, Ala363, Leu387, Val395, Ala397, Val401, Ile402,
Tle410, Tled18, Alad19, Leud25, Vald33, Tled34, Alad35, Leud92, Val510, Val511, Val512, Leus13,
Val524, Val539, Leu552, Ala575, Val576, and/or Leu585 of SEQ ID NO:15; (C) Ala 363, Ala 397,
and/or Ala 575 of SEQ ID NO:15; (D) Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala
of SEQ ID NO:15; and/or (E) Ala 419, Ile 980, Ala 903, Leu 916, Ala 575, Phe 1095, Cys 1032, Val
576, Tyr 365, lle 1115, Ile 418, Leu 387, Cys 649, Leu 650, Leu 585, Ala 1080, Ile 410, Tyr 423,
Ala 1087, Tyr 695, Ala 653, Phe 201, Ile 1081, Phe 497, Ala 989, Leu 552, Val 1104, and/or Cys
671 of SEQ ID NO:15; and/or (F) or the equivalent positions in SEQ ID NO:15-16 or SEQ ID NO:43-
110.

Additionally, and In further preferred embodiments, the composition comprises, or consists of, any
one of the following: (1) amino acids 316-594 of SEQ ID NO:15 or amino acids 303-580 of SEQ ID
NO:16; (2) amino acids 316-594 of SEQ ID NO:15 along with at least one mutation at any one of the
following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543; (B)
Ile326, Val350, 11358, Ala363, Leu387, Val395, Ala397, Val401, 11e402, 1le410, lle418, Ala419,
Leud25, Vald33, Tle434, Alad35, Leud92, Val510, Val511, Val512, LeuS13, Val524, Val539,
Leu552, Ala575, Val576, and/or Leu585; (C) Ala 363, Ala 397, and/or Ala 575; (D) Cys 336 Ala/
Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala; (E) Ala 419, Ala 575, Val 576, Tyr 365, Ile 418,
Leu 387, Leu 585, Ile 410, Tyr 423, Phe 497, and/or Leu 552; (3) amino acids 319-591 of SEQ ID
NO: 15 along with at least one mutation at any one of the following sites: (A) Trp 353, Tyr 365, Phe
392, Phe 400, Tyr 423, Phe 497, and/or Phe 543; (B) 1le326, Val350, 1le358, Ala363, Leu387,
Val395, Ala397, Vald01, Tle402, Tle4 10, Tled 18, Alad19, Leud25, Vald33, Tled34, Alad35, Leud92,

Val510, Val511, Val512, Leu513, Val524, Val539, Leu352, Ala575, Val576, and/or Leu385; (C)
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Ala 363, Ala397, and/or Ala575; (D) Cys 336 Ala/Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala;
and/or (E) Ala 419, Ala 575, Val 576, Tyr 365, Ile 418, Leu 387, Leu 585, Ile 410, Tyr 423, Phe 497,
and/or Leu 552; (3) amino acids 319-541 of SEQ ID NO:15 along with at least one mutation at any
one of the following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, and/or Phe 497; (B)
Ile326, Val350, 11358, Ala363, Leu387, Val395, Ala397, Val401, 11e402, 1le410, lle418, Ala419,
Leud25, Val433, Iled434, Alad35, Leud92, Val510, Val511, Val512, Leu513, Val524, and/or Val539;
(C) Ala 363, and/or Ala 397; (D) Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala;
and/or (E) Ala 419, Tyr 365, lle 418, Leu 387, Ile 410, Tyr 423, an/or Phe 497; (4) amino acids 319-
541, 319-591, or 316-594 of SEQ ID NO:15 along with at least one mutation selected from Y365,
1402, and/or V511; (5) amino acids 319-541, 319-591, or 316-594 of SEQ ID NO:15 along with at
least one mutation selected from at Y365L, 1402V, and/or V511A; or (6) the equivalent fragments
and/or mutations in SEQ ID NO:15-16 or SEQ ID NO:43-110.

[0014] In preferred embodiments, the change in conformational dynamics of the SARS-CoV-2
peptidogenic protein is measured by a change in melting temperature as compared to the SARS-CoV-
2 starting protein and/or by measuring a change in Gibbs free energy of stabilization. Preferred
methods of measuring Gibbs free energy include, but are not limited to, denaturant modulated
equilibrium unfolding.  Preferred denaturants are urea and/or guanidinium hydrochloride.
Alternatively, changes in conformational dynamics can be assayed by detecting a change in a
proteolytic sensitivity assay, such as, for example, by measuring digestion with cathepsins and/or
other proteases and then analyzing the mixture by mass spectrometry (MS) or sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

[0015] In preferred embodiments, determining whether SARS-CoV-2 peptidogenic proteins have
a similar conformation to the SARS-CoV-2 starting protein can be measured by a cross-reacting
antibody that binds to a 3D conformational epitope (often a discontinuous epitope) on both the SARS-
CoV-2 peptidogenic proteins and the SARS-CoV-2 starting protein. Methods for measuring antibody
binding include, but are not limited to an immunoprecipitation assay, surface plasma resonance,
isothermal titration calorimetry, oblique-incidence reflective difference (OI-RD), western blots,
radioimmunoassays, ELISA (enzyme linked immunosorbent assay), "sandwich" immunoassays, gel
diffusion precipitin reactions, immunodiffusion assays, agglutination assays, complement-fixation
assays, immunoradiometric assays, fluorescent immunoassays, and/or protein A immunoassays.
[0016] In further preferred embodiments, a test for measuring cross-reactivity is by a binding assay.
In further preferred embodiment, the antibody binding (including a cross-reacting antibody) to a
SARS-CoV-2 peptidogenic protein has a dissociation constant (KD) of less than or equal to 10~°M,

of less than or equal to 107*M, less than or equal to 10~ "M, and/or less than or equal to 10™°M.
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[0017] In preferred embodiments, the SARS-CoV-2 starting protein 1s selected from the following
SARS-CoV-2 proteins listed in Table 2, with preferred mutations at one or more of the following

positions:
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YAADDAADSTVAAHANNTAMEDSLSTOIDAASIID LOHAD AAVAA LINNIASDATALINdAOTI I SDANTARAILAdITASASTISOETINLAAD AJAAADNYA
MAT LOAVVYTADYS IVAASAA T TASAd LADINOAVSAAIATAHTAAONIVATALDA TOAATADTHI LT IVYAAJDSHANM X SHOIOSAMVAADVHINYADAA
LSITAIdLADAOIVAADITANLADAHI STLHAAWAT ADATYVTIADTTIVATHIAADLSATIMODN TS IALLIANANAOI LIV LTIAd INNIAVYYSITIOMITO
HASTSWAQAANMI TSANHSMYAOYNIHAYNDA IOV TAAd LNNAAMNA LTHANND SAD LAATASHHS T TOATIACA LANA LAAADDIVVY SAA LS TADATVYA
OMVTASHYIVATYATAANAASALVSA LAAXAVAANAASATLSADAA SATVOATTITIdODWTIO SAAASVYSHSYVSHADMSHDAANTANTI A TSOM LNNVA TN T
NAAHSTAdHIAXA LMOOVAAA A THTVONIAVASAATAS SOALANI dIMAOTSTAIVAIASTALSDLOA LADNTONMNHIMOADIDONY AALA SAMNONAT LL
DIAT LVINIMADWAD LS SLODANTHAXSYMT AXASYAA T ANIAWY SAAVINOAT ST TAMWTMSNS TAHS VA XADAAAOWIVSTOTTAAAN LA THAVIAMAVY
TOTILTATIASSTIAOT IHTVAXSATSATOSTOISOdASDADAAWILIANS SNTATHIADNDASAVOANS TTADAVYIADTITISOTOISTTTIMWNY I LATHIS
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ANAILSIDIDDAILTIVY SADIATINTALSVAVSOWNTAdTITOADS DD ADMMAD IALIAINTTIADAIANTI LLAd TOAAMDMTADADMANAHATHIOIDATOOSY
994 SHOAWNVAA LALIVOOILO LTHLOTIWAADNILTdODDSYT AN AVIVAAAVAVIAS TALSNVAAT IVNOVO TIALVYTSOTAWNDINTNNTOMTA X T AMAM
dO¥MdLAIAAGIDddATALAT LD I DA SAdAIVMATAOHAS TIVIAAIDDM SNNAAVTVNAA LOVIO LLDVVO SHOYTVAd STANND TAAVSNYITVIATTAM
YINdSNAWNIHASTOAIMSAVAANDO TEAMTV SYALALNDAD INM A LD AQAAANNTAVVY LLTAd I INTAADDQIYNNT INNTYANA TXI T LA TIWIOWY S LAY
VINMATSIVOM AHO INVO AV A T O WY VA IAA T SAVANT SMM TN TAAT SADNVAVOT AVIOV IVAVVYASAdTSSATSYIVOTLVINATWHAAD TN TAAY
DOWSTTASTTSAIAHAVALLAMVYTTIANHTOADOVYMTHS S SHAITOOTASTTAAS LOMAT ST SOALVAM IDAMODIDTIMINTIAVYATISSMAdTTOOSN
WAIAHOLSATAAAADTITIAAINTIOATOA ZADDDDADTADAATHNIDOTIND LTATTd AAIADAAATVIVTIANT LIAADSANS LASTATVMAS IVOATYND
KINTIATLTANWTIMATIVVATAALTIVIWNIT I TTATVSYVANADANTIADSTS LAV THTMINTIWNAMSVYIWANNANA AVAIVITSd TTATO TAVHIHMATTNYD
YYIVNIDTLAdTAYNAZAAAATSMOLSOATITIS ITALTTNMHHIOMAIMMATD0AIAD SDOIAAAAJ LAFAHATI LSO TTI LIDONWONOTTAMTYYONATA
YIDIOVSTAdOTIAAHAO LTdHANAMWYATNAANTLLLAINTAMAAONIAVY A TMY TANT LT LI LOVYOVIOHAAAd DAANDHATALOVHAD Ld THNHHWA
DASADAXATINADASDISONTASOMTI LHNdIWYIOAADSdSONAIVIASALODIO TIAAT AN A IMANS LAAT TATTONORNSHO TATTOANDVOATASHN SN
AITTAIANANTHAAVLO IAHIdDAALAATMTONTLLILOD LADAWDDAAMD SAAVIIIAD SOTAVS LIS IOddDATAAVD SNSAANTYAVTIHIODYVAIAS L
IATYOSAAMINMNATVIAINAO LTATTIAS AT TANAMNTTA LOTYVHHA LSA LADNAWNATITITANNAAMHOHM TS T DAAXIVLIMAJAAT SARYAMOTHY
TASAANIAXALTATAAASIADATASAVAATOTI LA SWTA TTIVNVVANAHNAADANTIANMNAXAVY D LATIVIIODOVAASYSAATYONdOATAd LATNY I TN
YAADDAADSTVAAHANNTAMEDS LSTOTOAASIAD LOHAD AAVAA LIAATASOHATAINAOT I SHANTAXILAdATASASTSOATINLAXAD AdAAADNYA
MAT LOAVVTIADVS IVAAS AT I TASd LADINDAVSAATIdTAHTAADNIVATALDAd TOAATADITI LTI IVVAAd D SAANMT X SDDI0SAMVAADVHINYADAA
LSTITIQALADAOIVAADTI TANLADAHI STLHAAWAT ADATVVYTADTTIVATNTIAADLSAIMOOM TS IMLLIANAAOI LLVO LTAAd INNMYMY VY SITIOMATO
HASTSWAAIANMITSANHSAVAOVNIHAVYNOAIDVOTAId LNNIAYMNA LTHANND SAD LAATASHHS T TOHTATA LAAA LAAADDIVVY SAA LETADATVYA
MVTHASHYLYATYATIHNAASA LY SA LAAAVYAARAASATLSADAA SATVOATTTIIdOOWIOSAAASYSMSYSHADASHOTAANATANTId TSOM INNYATNC T
NAAHSTAHITA IMOOVIAA X THTIVONMIAVASAATASSOALANTIdIMAOTSTAYIVAAIASTA LSO LOALAONTONMNHIMDADEDDONY AAAA SIANONAT LI
DHAT IVANIAXDWHO LS SLODANTHAXSYIMTI AXASVYAA T AWIAWY SAAVINWOAT ST TAMWTMSNS TAHSVAXDAAANOWIVSTOTTAAAN LA THAVIAMAVY
TOTILTATMASSTIAOTI LHTVAXASATSATOSTOISOdASOADAAWLIANS SNTATHIADNIXASAVOANS TTADAVYIADITISOTOISTTITIMWNY I LATHS
AN STAANTIDOVATOTAVASIASNAVI LLATSYITASNLS LA LD TOATTLAARIWANNAATOVTIMVONS LITIVVOD TAdAMAAVIIMSMAASNIVVIDHL
YIIMTOTVISTANAMY T LIS INHAZYVINTAAHD TAO IAMADHAASAMTIANDAAALIMATCIOATAAMO T LANAAATAS LAOODSHIVINAWODO LATAVIAAAS
NSLAAdMLSMTOEdTOMINAMYA LI LIVONT HMATAMHTTAVOAIMA SYSAHIAAIVANADONTAdAAIAS THIS VAN LAD INONTAAVAA LNS DLTHANTA S
YNdTdOLAATATIdOALAAVNAMMAXDATAdATHLALADATAASAAN I LLLAS IAMAAAT IAADM AH S L THYOATHATLAMV LIHLAHO DO AND LAANY
OTA OO0 TAAAVAAVSHNAA S SHOOATADLVAIDIADA I SADIMTINAA STLONAWAVAAD I TLLIAODDHAIAANTATAVSATNVHO TTHIWLAIAADTH
OAIMNSAVITTVIOANVYAOVIAVIAXAVHAOTVAVNAMATTOO TV TTASSTADNNAVMIAT STTODADdAMMIM LHNTVSWAIDTASHATIHAAHAVASATIAA
SATAAAIMDAHNAHAMIALAAYOATA LdDADOD A INSWAATOLHTININAALLAAYM T IMATITSTTSATIATS TATDATHATIAd SHTLHAATAAD I TAHA
OTHLIIODSASMAIASOVTISALHAAHAASIMSSSLTADNALLAVAd SSASAAYAVYATSAWNDAYVHAATNADHIAAD TAWIATAANTSNTALI I SYAdAYMS LA
AAAIADAAATDHAOTIATIONAMAO I LVN I VIAQHD TAWTAI LHAVHV THAI TNMSALDTIHANVNAVASd TAAAVSADMMTVIAVAITLADVODODA A LLI X
HAIAAATTVAS THNALLOODVYAN SATAADLIAD S LIAADOANAAVATATA SWAADITHANO SUHATHONTIAVATTTANLTAN LAAT LLIAIA I OV IMdMAAAd
MOAASMHAAIMSAT LN HHOM dAVAATAMTNATAANAADTIATYAANAVI AAD TIALOADADTSOTANVOATOHVS TTAVTTIIAOSNANT AV TTOIATOVN
TNdOAAHTOMMVINHOSTTOSODALTADONTAT AAASHIOWYONLVINTVIOVADDOHITHINYVYNATANANYSOVHAIATAADN IVANA LT TADLAONAAH
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MAVAXATOAALANAAVS ISYSASYVIIIVIHAANTAAADATINI NAMAMOTIHATINANTOHASDADAAD THNODINVY SVIdAMAVIOMNHIODAASANADDDAV I LD
OMITIIMTOSANHAAVTISHAdIDOAASNHOVADATIAAYNOA TAOD LIVOAMLINA LD DAAD IVIAATDLOMS TADOHADMWT LS TOWONIDHANG SYAJ AASH
TIDWADA TAMAAANTAOT IAT I SNTAAAANd DEADNALAANAVIATHAIIOTAA ST ASHALAMVIAHAHATIDDAADIN LATAATOHES TLOSVADVAVTITAMT
DHATAADAdDDANNAALT LAVOONTHINTII LADS SHY ILNMNAOAAHAdA LD THADTAASH TAVO ASHOOVOMNO NI A TIAMIAVAd THOAHAATADTLAD
SIDADIDHATAVATHANAHOHAVLIVA ST TAAAJOATOdTADIHIATATODLOAM THOIVHS TATAASADADTATATIADTAdTSTOAHIMANADIATSHN
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NNATIAS SAANINNTIT I TIDOMHATTSATHANTIONAIN T SWAVY IOETI TAAN SWAATS ASSTOTANLNGMA T ANV
HRLADATIOHAMAYMOTANVOTITAVAS SSYNANLAAVIMMSAHOWTIM A TAVNMSHALIMAVI SOOTYTAOM TADDTALAADEM SANAT IAHI LTIdAXAWNASTIT
AMMNVYILHALVOODITILSAVASAAANTASAATT LY Ld TMOI TAVLODdVADMASOVOAHIATANAAAVTLTINTADDTO LAMYANNNI DXMd IAVNAD ANOTA
OMATTINIOIA X INANYADIOMYOSVO T A4 LHAHDAMOMTINA S TAVAA T IAMAAYM STASTAOSA T THAAAATTTIATIASIOADYMSSOILOVALIA ANMALSA
WATAQATATASAOSAAVIDIWTHTODTOOHSATDANATHAAVADATIAGO TAHAWNY THATAJ LANO $9dMAdHITAYSOLAALAId TOOT I DAAMAA ANAD LA
SHOTTILADNASVOVADISALTOMASOHALTI TADNTIVYNIA TAADDHATDAATALTS SOVSHLAMMVIALWLIOADT LSAHVAVAIM AAMTIALNYY TAAD TNNT
IATHAAIAINIAVMTHAVANAd TLIANAIA T AAA I DAAT LAAYNNT I SAAVADVHOAAHDMINAANAVANITSOTA LA LNMTNA LAAOM ATMTSADV S TIWHN
AVATRAOTAANVHHADAVOD TN LI DIV SHTAAXRATASAADIOHSHADASAS XA AAAITOT TINLAV SMAAVA ITHAVHANAATSODOADDATNTINSTAT LAAED
ATYNVAXIAANDNMATOADALAMAHHLVAS AATHATIMAVAASOdOVARAYMMAATIVOAADN IVAAND TAHTAdANAVT IV SYAANHOAT IOV SNATTAAD T
IdAHASMAANITAADHHAYTIODAINIVADSYAHYNOHAODHOTHNSOTND LADMOOAAIWNAANAALAAADASHNMOVALASSLSAD LYAMADTOD LIHdDIMA
AXHS LTAADHYMTAAANIAS TONTLASTHOATA TIAANMA TOMAWTA T THMAOADdddNVYNAT LA LNNA LAAAD LAAVATNAD LSADTOTAdTNILOAYA
ALVHOOEINAAD IMVIAHITIVATI LTI ANNI ADONAD ANIMADWWNS T TIH A LNAMd IDd TAAD TOALMAMIAASTHLAVO LAHTO LI IMS DUMA TOLANAYOT
IVANTIdTATS LAOTMAATAIASHIDTIDIAVILIVANAINAND SHY LA LLO LA IAAAATSHOS SAALO LA TOTIMSVAVNO SNAI S TAAVIIMYA NG LT
ATIANDTOFINIVS SACHILIADAXAAWAADOVY SMAMHVATANAANTVSALAATIVADIID IO TANAAD T IMNTIOASNAAAIATION I TTLEAVATOVAOD
TXAXHIVITIVNAASTAANIVNS THAAAATAVLIAd TYNALDAAXOATLSNAMAMAADHIAIVIVA I TISOMATd TAM TVIHDTVAAVVHS OV LAATIVSA
AXTVTOIVAHSYDILODAdDOTILS AMOWOAMO ANVANS SAHASINTILAXATO LITIAAHIOAATIAVS TAWNATIHS LTAA AADANTIA LLLOY AAAVAD A DM HA
LXADTOAM SN LAGAD LAAININTAddIdTDOAIMS THTHIA STATIAIVIDAS TIA LHA LYY TLAVYATI TIAL D INVI I AADYNIMA DIV IVNAALANAS
DOADILNAATOAADINYDITAASTIAAMHSHADAXSHODTATO LAAINTIDAVNIOAXANASTATIHS LS TAHTADOM DD TAdIIIOVODITS LOSNDTADVIAVO
TAIHALAWYAXATdAMXIS INANLTWAS ARNATWHD LTHAAHTIIT AOTATHAAAVAHONd HA LTd AVAIVISAAYATWTIOALMATAAAADDVYDTIISAAd
AATANRAADOAATHIHO SOATHADM LTALA IMOMVA SWAANNO A A TAVAANA I SYATOOVVANS NADANAVAAS TIWWSAHTITAVAA AAAA AHANATINET X
TOHATIHOTNIAXMAY IMNDA LS TTYNANY LAVODTNAASNY AV LIVADSS IODAMAXTSDOIWAWAS TAOVI ANV TI AATHS TNDD LNHIIVTIAT SV T
ATRANANTAAIMd AAMONTHA LHAd SAAIT TRANHMODD XAMS LD TAALVOILVY I ST TTAOHAOINIWNLS DT SADVALIVIANMVS IVAM TNWO LT L.d TANEM
LAYATYAOAHASHNSAAX TAVIOMINA dADVY SMATNNATAONYNIDOOAADAA ANANNAAAAATTOITIADWLA TN AIAXAAAS IVYNDAOVAAAHTTAASSD
AMAADASAVATAAAANA NDAMALOAVANNLTVVASADLIAAIATTIND SVVHNVAAVVAATTANA STAS SHINATONHAAD THIAHAD LSAAAJADAAA T
AATADASLddAALSATANANYOHTIDAAATONI ONdHALOAMAYMA AT TAAA LA AN TTAMM T TAMVIAVAWHS AV IVA L TLTIdWITS AASTATA
ADDDHAVADAATDAAAMNONTAONATLTADATOVAIRYADAOAIMTTISOIATTD TNV AATTTIAdNTIAId AMAMMNA AAAAIDINA LATI A TIADNDAdAHYT
TYVANTAVHILAM L TIOI S THAANADANTATAAAHAVAVADAIATNAT ITHFHO ANSHILHIMANAAASATINDAHAM AOAT DONIM TANVADVAMANATAAVEX
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TTIIANHTOADOVMTMS S SHATTOOTASTTAAS LOMAT S SOALVAM T DAMODDAD TIATINTAAVAT SNAAdTIDOSNWATAAD LSATATAADTLTAA XN
TTOATOARDLODAXDTADAATHIDOTINOLTAATADXHAADIWAAT DOIVTANALLAADSANS TASTTTVMWS TVOATVND A AAMAATITANNT IMATIVOHAA X
NATAVIWNTITIAAVSVANADAATAAD S TS LAAWI TMINT ANAMSVAWNANNNA AVAIVTSd TTATO TAVHAHIAANNVAVSINV I IDNVAJd TAVNHATAAATS
MOLSOATATISLITILTTIMHHLOYI LIMAVY SOA LAD SOO0IAACAd LAHAATIVSDTI LIONWONO TTAMTISVONATAVIOLOVYSTdOTIAAHAOLTdHAN
DINVATNAANTLLLIINTAMIAONTIAVY A TMYTANALT LLALOVVOVIOIAAAd D AANDATALOVHAD IdTAWHHWNA DA SADAAA I NADASDISOHNTASD
MTITANTIRNYIOOANDSASONADVTASALODAOTIAANANA LAANYIAAT T TADNOWSHO TATTOANDVOATANHNSMI I TTAHIANANTWAI S LOIAHEAD
AANAAATMTONTLLIOD IADANDDAAM DS AVIIIAD SOTAVS LT SIOddOATA SO SNSAANTYHNVTIHDOVVYHIAS LLAWYD SAAM AMNATVIAINAOLT
dTTAASETATAWAYMNTTALDTYVHAHA LSASADNANATIITANSAAMAAHMIS IO ITAVI LIMAAATAd LANAWNMO THV TASAONLTAALTATATASAADAT
ASZAdLTOTALASWTATTINAVAAHS AHDAVIIAINAX AV IO IAATVATOOVATSYSTIATYOTIJ0ITd LARNL TINAVAADDAADI TSI X AANNTAMIDS
LSADADVHASHADIOHID AHSAA LLANIASDHATALNAAOI I SOANTAATLAdATSHAVASDHATANLAADAAAAYDSYAMA T LOAYVIADVS LVATLAHETTA
SALADINDOAVSANIATAHTAAONLLIITI LOATOdAAADATILTIAVVYITADOVYAANLASDDIO SAMLAAAVHINYAD LA LSVIAAIADDATIVAADITHASSAA
IHISHWAHAd LI TAAIVYVAATAATIAY T TOM TMNNATIDOM TV I L IAANAADALLVI LTAAd TNNAMVV SAIOMITOHSTSWAATIANMI TV INHSAVAOY
NTIHAVSDOAIDVDTAId INNAAMNI LTHANNISADLATTASOHSTATIOHAAAAI LAAd SAAADOIVYSTA LSTANATSANIVTAVAVIVATIE TIEW ANA L
SSALNAAVAAWANATVAAY SADNASATVOATTITIIdOONTOSAAASVSAVS SHADASMDAAATANTA TSSO LINNVATNATNAAHS TSHIHALMODVIAAATHT
SONMATLASAATASSOALANT dATAOTSTAIVAIAS TALSHVYIALAINAINMNHTIDADMODONTANAAA STIADNAT LLOAAT IVANTIT AOWWD LS SNIDAA
AHAXSYIMAXRAASYAAT ANIARNYSTAVIROATNI T TMNTMSNS TAHAVAASAATONIVY T TARAAAI LA TTI AV TAMAVATOAVLTAMIASSTI IIOTIIATSd A
LATSATOSTOASOAISOIOALVYIIANLSNTADHIADIOASdWOTINSHIADTYVLSATITISDTOASTTITAMITINITASAN ST TANASVATOAMDASHALN
MYILLAWSVYATASNLS T LA LDTOTTT LA AdWANLOAYNTOY AT NLLLSAANTAdINVANY I LAMAASNAYVVY TOHLYTIMTOTAYS TANd MM T LTS SNA
AAYINTAIHOAAALIMTSNNY AT TI ITADAAT LIAANDHTATNO I LANAAAAASAAM TAT DOV INAWOOVAASHTAASNS LIAAALSMTOE I DMINAMA LY
MNIVNNAHMATAMHTTAVOMMASALAHMAA IVAAONTAdAAIAT THI SYAMAAD LTONTAAVAM I NADAAMANAASYNI AdONIATATIAOA LA A SNAMMA
AANATAdATHALOAADATAXINAAAT ILLASNAMAANALTIADMAES SMITIVOAIDATIANMS ITHY AHD DO AND LAASYVI LA LODHMTHAOVAAVSWHAAJ S H
OOATAMIVOMDDILOd TOADMTAOHA S TLOWAWAVAADN T LIOOOD D IMIAANTAIMD SATNVHOATASHIHINAD THOAIMNDAVII TV OANVYHO VIV
AAVAOTVAANAMTHATIOOTLITIVIVIADNNAYVMAT SLTONADA AMMIM LHNTY SWAIDTASAALIHAATAVAAT TIAANd TAXA IMDHHSNHAM TN ILATYD
ATXLdDACOD X INSHAAAD IHTNINAALLAAM T TIATI TS TTIMTINAA LTATOA THALLANS LA XASYADINTAAIDTOLSOD SASMAMASOVISTI LHATA
HAAdIMSSSLTADNAVIAVAd SSASALVAATTSARAIVVYAATINTOHIAADTANLATIANTANTINTI TS VALIMS LAA AFIVO AAANADAO T I DA AM IO T L
SATVALAADAdAWIMILAAVHY THRHI TNMSATIOTIAOMHANSTISdTI AAY SMOMT TAIMVAIALAONTOOOd A LIT ANA LAAYMI TV INA LIOOVIM LA T
ANT I TADHAOAAADAT AAVAIATALIATASATIVSAdHINONIATI XA TTINALTAM LHATLL IATIADVA IMMAAOTIOIASAASALTAdAIAHAAI TAVINO
HAOMHASTWATASSATIARATNAAAAVT AANTIALAADAITSHIAAVOATOVSTTAVITATHONANTAVST TTOTAHTOMNANADAAHTIOHIVINHDSTADSD
DM TADNILIVIAQAASTAAOWYNN LVANTYDOVADDOHT TAANVYNAAALAAAMIVIAATAVNA T AANA LTI TADSA SNAA T LOANA T TAWATOdOATAT IOT L
LILONOASHAOOOALO0SAAATMATHAOHAAdOTVYVYS LYDAHTAMOOAAAA LD AHAOLSAHATIHIADADHAAIAAAddAA SOAWNH SV IMAHTDSHAATA X LYHS
MATAIDTALTTASAdOTIAIAVAVAAIVAANAT LD TIALAVSOMANTAMATIAd THALINAST ADOATITALAADA A LAVO DN T LA LNN LAWNNA VIV
DAMEALAATHTTIWIONI OAd IOATAVAAVHIS LAOHATdOTAD I TAATALTAA LA TLEDETATI THMA VA TANTTO LA SIADMIATOM SHLAA LADTNTYH
TIVOOTITIISAVITYTAMNATIAAALOASTATAMVIOIATODOATHADVILS TAMATAMO QI TATADANANTATMATAIATIHTAALDATINLTMO S LTOAADD LT
AVHAATNNIVIAS TAWRAVATITITSAOSTIDATILIVYAOTATIASNOVIATIESAT SANATIVVASYAVATASTI SHOAD TNMUDMAVHONIAMANDISHATO
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SSA INAAVAAIINAVATIY SADAASATYOATTIIADOWIOSARASYSIVS SHADMSOAAATIANTII TSOM INNYITINATINAAHS TSHIHA X IMOOVIAAATHT
SONMAIASAATASSOALANIAIMADTSTAYYATIASTALSOVIAIAINADNMNETIDADMOONYAALI STIADNAT LLDHAT IVANTY ADWAD LS SNODAA
AHAXSIMARAASVYAAT AWIANYSTAVNOATNI I TMWTIMSNSTAHAVA X SAATONIVY IO TARAAIIATI AVIAMAVATOAVITAMIASSIIIOIIHATSAX
IdTSATOSTOASDAISOIDAIVIIANLSNTIADTIXD IDASAWDTNSWIADTYVYILSAITSDTOASTTITAMIIINITMSAN SHTANISVYATIOAMOASIALN
MYILLAWASYIIYUSNISYIALDTOTTTLAAXAWANIDAUNTOIIATINLLLSAAMNTAAMYANY I IAMIASNAYY IOHLIVIIMTOTAYS TANIMMI ITSSNA
AXYYNTAIHOAAALIMTISNNYAMTI IAOAATLIMANDETAYD I LANAAATASAINTAIDOVINANOOVYAISTTAAISNS LIAAMISMTOYI DMINM A LY
MNIYNNAHMATIAMHTIMYOMMA S LAHMAAIVAAAONTAAAI IAM THISYANMM XD LTONTAAYAM INAOAANMANAAISYNA AdONIATATIAOH LA X SNAMM
RANATIdAIHAIOAADATIXAINAAYI LI IASNAYAAAALIAONAASSMITIVOAIDATIENSIIHI AHODOANDIAASYOLALOHMTHADOVYAdVYSHNAIASH
OOATAMIVOMDD IO IOADNYMADHX S TIONANAYHIADN T LIDODD D IMOAANTAMN D SATNVHOATASHIHTIATO TEOAIMNI AVIITVOANYYHO VIV
AAVADIVAANANTAIODTLITIVIVIADNNAYMMY IS ITONADG AMMMM LHNTVYSHAYO TASdALIHAATAVIAY TLAANd TAAL LMD AHSNHAMIM LAOYD
ATXLIDADDDXINSHAAAD IHININAALLAAMTI TIATI TS TTIMINAA LTAHOATHA LLANS LX AASYADIMTAHIOTO LSOO SASMAMASOVISILHIA
HATAIMSSSITAONAYIAVAISSASALIVAANTSINAIYYAATNTOHIAAD TANIATIAN TANTINI TS VALIMS LA ATIVO RAAADHOIM IOMANMATI L
SATVAIAADAWINA LHIVHY TNHI TNMSAIOTIHOMANSIISATI AAVSIDMM TAIMYHATALLONTODOAdALILI ANALAAMITVIVTINE LIOOVYIM.LA I
ANT ITIADHAOANADNAT AAVANN TALIATIASATIVSAdHINONIAI A TTINALTANM LA T LIIATIADYI IMMAAOMIOHIASANSHLIAAMATAMA TAVINO
FADMH S WHTA SSATIA A TNIAAAYT AANIIALAADAYTISHIAAYOATOVS TTIAVITATHONANI AV S TTIOTAADM NANAOAAHTOHMYINHOSTADSD
O TIONIVIAAASHAADWYNN IVINTYOVADDOHM T AANYYNAAALIMAMIVAAATAYNI T AANA LTI TADSA SNAT T IOANG LTANATOdOAIAT IOI L
LIONAASOADOOAIODSAAATMAAHADHAAIOTYVYS IVOAATANMODAAAA IO ATAOILSATAAAAADADAHAIAAAIAXAISOAWNHSYINAADSHAATAX IYHS
MAJTAIDTALTTHSAdIOTIMIAVAYVAAIYAANAHIO TIALAYSOMANTAMATIHATHALINASY AOOAHIIALAADA LA ILAYOOMTLA LNN IAWWANI VIV
DAMALAMIHATTIWIONIOAd IOATIVIAVIS IAOHATAOTAD IMTAAAALTAAIITIEADETATI IAMAVITANITO LAY SYADMIATONM SHINAA LD TNT
TMVOOIIISAYITYIAMNATIAALOASHY I ANV IATOOOATHOVOLS TAMATIAMOAITATAD TN AMA T TMATAIN TIHIAAIDAINLIMO S L IOAADD LI
AVWAATNNIVIAS LAWNAYAITITSAOSIOATILIVYIOTATASNOVYIATIEASAI SUAATIVYHASYAVATASTISMOAD INMYOMMVIOMIAMANDDSHATID
MAVIAATONALIAIVSISYSASYITIIVIHEANTMAAOAININAMAMOTIATINANTOHSOAOAAD THNDO INVS VIIAMAYOMNHEDOAXSAADDDAVI LD
OMITIIMIOSHENHAAVISHAADATISNHOVADAIMAAYNOATADDLIVOAMIINALODAAD IVIAAADIOMS IHDDHADMWI LS TOWONDHANG SYAd AASY
TIOWADA TN HAANIAD I IMI I SNTAdAAINI DHONA LAAMMVIN IHAd IO THASMHSUYH LAMY IHHEHAUD D AADIMLATAATIOHS TLOSYNOVIVITANM T
DHATAADAADDANNAAXI LAYOONTHIWNTIHE LADS SHYINMNADAAHAAAA LD THADTAASHTAYIO A SHOOVOM NI NMI TIAMIAVAI THDOAHAATADTLAD
SUDADIDHTAVATHAWAHOHAVILIAVA SAM I AAAIOHTOd TADNHATATODIOAM THOIVIS TAHHASADADIATACIADTAATSTOAHIMANADIATSHRW
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AVYADN
TASOVAYSOTHAHITOTOSOD ADMMHD DAL IALNY TLADAdANYD LLAd IOAAMOMTADADMANAHATHOEYDATODOSYOOASHOAWNYHAd LALIVOD LD IH
LOTRHAADNLIJODOSYIAAQAAVAVVAAVAVIOASTALSNYVAATLVNOVO TAALVVY TSDTANDANTNNTOM ITA A TAMANdDNd LA LAAIDddHATHLAT IO LD
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[0018] As used herein a “Target™ is a specifically selected protein disclosed in Table 2 that can
be modified to have an improved peptidogenicity as described herein. Column 1 lists the SEQ ID
NO. corresponding to the sequence provided in the Sequence Listing. Column 2 lists the “Protein
Name™ of each Target and Column 3 provides the “UniProt Reference Number” which is a unique
“cataloging” number (UniProt Reference Numbers provide a mapping of a proteome to a reference
genome assembly, e.g, as produced by the Genome Reference Consortium (GRC)) used in the art
that provides publicly known and established descriptions of both the function, expression and
sequence information for each Target listed in Column 2. This public information (retrieved from
the UniProt database (uniprot.org) on April, 2020) including the sequence information
corresponding to each Target, is herein incorporated by reference in its entirety. Table 2 describes
the positions of the specific residues in each target protein where mutations can be made to
generate the corresponding SARS-CoV-2 peptidogenic proteins along with the specific amino
acids that can be substituted at each position. In preferred embodiments, multiple substitutions
can be made in each target protein at the recited positions in the Sequence Listing and as shown in
Table 2. In further preferred embodiments, at least 1, 2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20 or more of the residues shown in Table 2 for each target protein, in any
combination, can be changed in the respective starting Target proteins listed in Column 2 using
the amino acid specified in Table 2 as described in the last two paragraphs of Example 1. By
spreading the mutations over multiple positions and/or target proteins, and by mixing these
mutated molecules together, an immunization cocktail can be created.

[0019] For example, in evaluating ways to engineer the spike protein of SARS-CoV-2(as
disclosed in Table 2) for increased immunogenicity, we applied the methods as disclosed herein

to develop a prioritized short list of substitutions that could be tested.

A. Aromatic residue mutations, There are a number of aromatic residues in the core. To

create moderately-sized cavities (volume of ~3 carbons) with no serious steric clashes, we
propose substituting Leu for Tyr and Phe, and Phe for Trp as shown in Table 2. Preferred
mutations include, but are not limited to, mutations located in the SARS-CoV-2 Spike
protein at the following positions: Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497,
and/or Phe 543 of SEQ ID NO:15.

B. Aliphatic residue (excluding Ala, Cys, & Pro) mutations. There are also buried Met,
Leu, Ile, and Val amino acid residues in or around the core. We propose mutating these
to Ala at the positions as shown on Table 2 which, like the above mutations, creates a
packing defect due to removal of 3-4 carbons. Preferred mutations in the SARS-CoV-2

Spike protein include, but are not limited to, mutations located at the following positions:
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Val308, T1e326, Val350, Tle358, Ala363, Leu387, Val395, Ala397, Vald01, Tle402, Tle410,

lled418, Alad19, Leud25, Vald33, lled34, Alad35, Leud92, Val510, ValS11, Val512,
Leu513, Val524, Val539, Leu552, Ala575, Val576, and/or Leu585 of SEQ ID NO:15.

C. Alanine mutations. There is a comparable number of buried alanines. The preferred
substitution here is a Gly, which increases the conformational entropy of the unfolded state
and thereby disfavors the folded state. Generally, such mutations typically provide only
about 1.5 £ 1.0 kcal decrement in the stabilization free energy of a globular protein, but
the effect can be magnified when the residue is in a secondary structure element such as
an alpha helix. The prospective mutations in this class are also shown on Table 2.
Preferred mutations include, but are not limited to, mutations in the SARS-CoV-2 Spike
protein located at the following positions: Ala 363, Ala 397, and/or Ala 575 of SEQ ID
NO:15.

D. Cysteine mutations. Because surface disulfides generally promote reductive unfolding,
we would prefer to leave the solvent-accessible disulfides intact. Therefore, we propose
cysteine to alanine double mutants to remove buried or partially buried disulfides. For
example in the SARS-CoV-2 Spike protein, we propose the following mutations: Cys 336
Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala of SEQ ID NO:15.

General Considerations for Further prioritization of candidate mutations;
A. T cell epitope generation. The aim is to increase the fraction of antigen that will
unfold in the phagosome/lysosome with appropriate kinetics to put it within a time
window that will allow thorough proteolytic processing and loading of antigen peptides

onto MHCII receptors in APCs.

B. Mutation of residues with relatively low specific contact order (i.e., residues that
only contact in the 3D structure other residues that are nearby in the primary
amino acid sequence) and avoidance of high ¢-value mutations that destabilize the
transition state. Contact order is a global topological property of proteins that can be
calculated by determining all residue-residue contacts in a protein (using appropriate
constraints), tallying the linear separation in the polypeptide chain between all pairs of
contacting residues (normalized to the total protein chain length), and summing up

these component distances. High contact order proteins exhibit more long-range
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interactions between pairs of amino acids and, generally, fold more slowly (Plaxco et

al, J. Mol. Biol. 277:985 [1998]; Shi et al, BMC Bioinformatics 9:255 [2008]).

[0019] As a prioritization filter for our list of proposed residues to mutate (above) one can rank
the specific contact information in the 3D structure for each candidate residue and choose those
residues with the /owest contribution to the contact order. In essence, this ranking identifies those
residues that tend to have smaller loop sizes (in the primary amino acid sequence) between the
residue being mutated and the other residues it contacts in the 3D structure. The rationale for doing
this was as follows: (1) mutation of residues that stabilize the folding transition state tends to
decrease the folding rate and disfavor increases in the unfolding rate (i.e., “high ¢-value” residues
— ¢f. Fersht & Daggett, Cel/l 108:573 [2002]; Chiti et al, Nature Struct. Biol. 6:1005 [1999]); and
(11) residues involved in establishing the native fold topology in the folding transition state tend to
exhibit longer range interactions. Our prioritization procedure aims to deemphasize those residues,
like the high ¢-value residues, having predominantly non-local contacts.

[0020] Focusing our initial mutagenesis effort on residues that have mostly local contacts with
other residues proximal in the polypeptide sequence should thus favor mutations that increase the
unfolding rate (and hence promote lysosomal antigen processing) while avoiding undue increases
in folding rate. Locally impactful mutations in the antigen could also pay additional dividends in
terms immunogenicity by promoting surface malleability. We hypothesize that this might promote
widening of antigenic patches during B cell maturation or even, at the primary B cell selection
stage, unmask new B cell epitopes in regions of the antigen protein surface that were heretofore
unreactive to naive B cells.

[0021] Below is a short list of prioritized mutations in the SARS-CoV-2 Spike protein, all of
which exhibit average specific inter-residue contact loop sizes of 40 amino acids or less: Ala 419,
Ile 980, Ala 903, Leu 916, Ala 575, Phe 1095, Cys 1032, Val 576, Tyr 365, Ile 1115, 1le 418, Leu
387, Cys 649, Leu 650, Leu 585, Ala 1080, Ile 410, Tyr 423, Ala 1087, Tyr 695, Ala 653, Phe 201,
Ile 1081, Phe 497, Ala 989, Leu 552, Val 1104, and/or Cys 671 of SEQ ID NO:15.

[0022] Additionally, although Table 2 specifically lists buried cysteine residues, it would be
understood by the skilled person that mutating solvent accessible cysteines that are in disulfide
bond pairs with cysteines identified in Table 2 are also specifically contemplated. To mutate the
solvent accessible cysteine normally in disulfide bond pairs with the buried cysteine avoids leaving
an unpaired cysteine residue, which will then prevent aberrant disulfide bond formation,

scrambling, and oligomerization.
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[0023] Combination of any of the above mutations and/or those disclosed in Table 2 are
specifically contemplated. For example, a core hydrophobic cavity-creating mutation could be
placed in a disulfide mutant background. Once the unfolding characteristics of a collection of the
mutants have been established and an appropriate subset chosen, each mutant antigen could be
tested individually in animals for immunogenicity. Then cocktails containing different
combinations of the most promising mutant antigens could be assembled and also tested for

immunogenicity.

[0024] In even further preferred embodiments, mutations at the following sites are preferred in
the SARS-CoV-2 Spike protein:
A. Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543 of SEQ ID NO:15;
B. Val308, lle326, Val350, lle358, Ala363, Leu387, Val393, Ala397, Val401, lle402, Ile410,
lled18, Alad419, Leud25, Vald33, Ile434, Alad35, Leud92, Val510, Val511, ValS12,
Leu513, Val524, Val539, Leu552, Ala575, Val576, and/or Leu585 of SEQ ID NO:15;
C. Ala363, Ala 397, and/or Ala 575 of SEQ ID NO:15;
D. Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala of SEQ ID NO:15; and/or
E. Ala419, Ile 980, Ala 903, Leu 916, Ala 575, Phe 1095, Cys 1032, Val 576, Tyr 365, lle
1115, lle 418, Leu 387, Cys 649, Leu 650, Leu 585, Ala 1080, Ile 410, Tyr 423, Ala 1087,
Tyr 695, Ala 653, Phe 201, Ile 1081, Phe 497, Ala 989, Leu 552, Val 1104, and/or Cys 671
of SEQ ID NO:15.
[0025] In even further preferred embodiments, the SARS-CoV-2 peptidogenic protein is a
fragment of the Spike glycoprotein. Preferably, the fragment consists of amino acids 316-594 of
SEQ ID NO:15, amino acids 303-580 of SEQ ID NO:16, or equivalent fragments in the other
known Spike glycoproteins of Coronaviruses as shown in Figure 3 (SEQ ID NO:15-16 and 43-
110). This truncated fragment can be used as a vaccine itself as described herein, or can be
combined with mutations at any of the following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400,
Tyr 423, Phe 497, and/or Phe 543 of SEQ ID NO:15; (B) le326, Val350, I1e358, Ala363, Leu387,
Val395, Ala397, Vald01, Tled02, Tled10, Tle418, Alad19, Leud25, Vald33, Tled34, Alad3s,
Leud92, Val510, Val511, Val512, Leu513, Val524, Val539, Leu552, Ala575, Val576, and/or
Leus85 of SEQ ID NO:15; (C) Ala 363, Ala 397, and/or Ala 575 of SEQ ID NO:15; (D) Cys 336
Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala of SEQ ID NO:15; (E) Ala 419, Ala 575,
Val 576, Tyr 365, Ile 418, Leu 387, Leu 585, lle 410, Tyr 423, Phe 497, and/or Leu 552 of SEQ
ID NO:15. In the most preferred embodiments, the fragment comprises mutations, such as Y365,
1402, and/or V511 of SEQ ID NO:15. In even more preferred embodiments, the fragment
comprises the following mutations Y365L, 402V, and/or V511A of SEQ ID NO:15.
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[0026] In further preferred embodiments, the truncated Spike protein comprising, or
consisting of amino acids 319-591 of SEQ ID NO:15 which is combined with preferred
mutations at the following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe
497, and/or Phe 543 of SEQ ID NO:15; (B) Ile326, Val350, Ile358, Ala36s, Leus8y,
Val395, Ala3g7, Val4o1, Ileq402, Ile410, Ile418, Ala419, Leuq2s, Val43s, lle434, Ala43s,
Leu492, Vals10, Vals11, Val512, Leus13, Val524, Val539, Leuss2, Alas7s, Vals76, and/or
Leus85 of SEQ ID NO:15; (C) Ala 363, Ala 397, and/or Ala 575 of SEQ ID NO:15; (D) Cys
336 Ala / Cys 361 Ala, and/or Cys 379 Ala / Cys 432 Ala of SEQ ID NO:15; and/or (E) Ala
419, Ala 575, Val 576, Tyr 365, Ile 418, Leu 387, Leu 585, Ile 410, Tyr 423, Phe 497, and/or
Leu 552 of SEQ ID NO:15. In the most preferred embodiments, the fragment comprises
mutations, such as Y365, 1402 and/or V511 of SEQ ID NO:15. In even more preferred
embodiments, the fragment comprises the following mutations Y365L, 1402V, and/or V511A of
SEQ ID NO:15.

[0027] In further preferred embodiments, the truncated Spike protein comprising, or
consisting of amino acids 319-541 of SEQ ID NO:15 which is combined with preferred
mutations at the following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, and/or
Phe 497 of SEQ ID NO:15; (B) Ile326, Val350, Ile358, Ala3z63, Leus87, Val39s, Alaggy,

Val401, Ile402, Ile410, Ile418, Alag19, Leuq2s, Val433s, lle434, Alag3s, Leuq92, Vals10,
Vals11, Vals12, Leus13, Val524, and/or Val539 of SEQ ID NO:15; (C) Ala 363, and/or Ala
397 of SEQ ID NO:15; (D) Cys 336 Ala / Cys 361 Ala, and/or Cys 379 Ala / Cys 432 Ala of
SEQ ID NO:15; and/or (E) Ala 419, Tyr 365, Ile 418, Leu 387, Ile 410, Tyr 423, an/or Phe
497 of SEQ ID NO:15. In the most preferred embodiments, the fragment comprises mutations,
such as Y365, 1402, and/or V511 of SEQ ID NO:15. In even more preferred embodiments, the
fragment comprises the following mutations Y365L, 1402V, and/or V511A of SEQ ID NO:15.
[0028] In a preferred embodiment, the mixture of polynucleotides encoding the SARS-CoV-2
peptidogenic proteins and/or the fragment consisting of amino acids 316-594 of SEQ ID NO:15 or
amino acids 303-580 of SEQ ID NO:16 can be synthesized in vitro. The polynucleotides can also
preferably comprise either DNA or mRNA. In preferred embodiments, the polynucleotides are in
vitro transcribed (IVT) mRNA. The mRNA, including the IVT mRNA, can further comprise a
poly(A) tail and/or a 5° cap. In another preferred embodiment, the mRNA can be translated in
vitro to produce the SARS-CoV-2 peptidogenic proteins, including by use of coupled in vitro
transcription/translation (IVTT).

[0029] The mixture of polynucleotides can comprise sequences encoding different SARS-CoV-
2 peptidogenic proteins derived from either the same SARS-CoV-2 starting protein or from

multiple SARS-CoV-2 starting proteins or multiple related SARS-CoV-2 starting proteins and/or
40



WO 2022/051549 PCT/US2021/048932
the fragment consisting of amino acids 316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16.

In further embodiments, the polynucleotides encode a mixture of SARS-CoV-2 proteins wherein
one of the protein components of the mixture is the SARS-CoV-2 starting protein and the other
components are SARS-CoV-2 peptidogenic proteins and/or the fragment consisting of amino acids
316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16. In further preferred embodiments, the
polynucleotides can be associated with a targeting component that targets the polynucleotides to a
cell or organ. Alternatively, the polynucleotides can be unassociated with a targeting component.
The polynucleotides encoding the SARS-CoV-2 peptidogenic proteins may also comprise a vector
sequence.

[0030] Mixtures of these polynucleotides as well as animals (genetically modified or not
genetically modified) expressing mixtures of polynucleotides are also contemplated. In preferred
embodiments, the animal is a mammal and in further preferred embodiments, the mammal is a
human, a mouse, a rabbit, a llama, or a cow.

[0031] In further preferred embodiments, the method induces an immune response. The immune
response can occur in vivo, ex vivo and/or in vitro.

[0032] The polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or the Spike
fragment, including, but not limited to mixtures of polynucleotides or mixtures of the encoded
proteins, can be delivered to the animal by injection. In preferred embodiments, the injection
occurs in the muscle of the animal. The delivery of the polynucleotides/encoded proteins to the
animal can be used for vaccination purposes, in research, or antibody development.

[0033] In further preferred embodiments, the antibody produced by the described methods is
recovered and isolated. In preferred embodiments, the antibody is a fully human antibody, a
chimeric antibody, a single-chain antibody, a camelid antibody, a humanized antibody, a
polyclonal antibody or a monoclonal antibody. In preferred embodiments, the polyclonal antibody
is further fractionated into single, isolated antibody species. In other preferred embodiments, the
produced antibody is affinity matured, such as, for example, by phage display, veast display,
ribosome display or by a panning technique.

[0034] Also contemplated are polynucleotides that encode the antibodies produced by the
methods described herein. These antibody encoding polynucleotides can also comprise a
heterologous promoter and/or a vector sequence.

[0035] As described herein, a mixture of the SARS-CoV-2 peptidogenic proteins and/or the
mixtures of polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or the fragment
consisting of amino acids 316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16 can be used

to vaccinate a mammal.
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[0036] In further preferred embodiments, the invention is a method of processing a SARS-CoV-
2 peptidogenic protein and/or fragment wherein the method comprises introducing to an antigen
presenting cell a SARS-CoV-2 peptidogenic protein and/or the fragment consisting of amino acids
316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16, wherein the SARS-CoV-2 peptidogenic
protein has altered conformational dynamics as compared to a SARS-CoV-2 starting protein and
wherein the SARS-CoV-2 peptidogenic protein has a similar conformation to the SARS-CoV-2
starting protein; and permitting the antigen presenting cell to process and display T cell epitopes
derived from the SARS-CoV-2 peptidogenic protein.
[0037] In preferred embodiments, the antigen presenting cell is a dendritic cell, a B cell, a
monocyte or a macrophage. In further preferred embodiments, the method is carried out in vitro
or ex vivo. In further preferred embodiments, the antigen presenting cell is transfected with a
polynucleotide encoding the SARS-CoV-2 peptidogenic protein(s) and/or placed in contact with
the SARS-CoV-2 peptidogenic protein(s) and/or the fragment consisting of amino acids 316-594
of SEQ ID NO:15 or 303-580 of SEQ ID NO:16. In further preferred embodiments the antigen
presenting cell undergoes phagocytosis or pinocytosis of the SARS-CoV-2 peptidogenic protein(s)
or polynucleotide(s) encoding the SARS-CoV-2 peptidogenic protein and/or the fragment
consisting of amino acids 316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16.

Brief Description of the Drawings

[0038] Figure 1 shows half-max ELISA titers (geometric mean) for anti-Spike fragment 1gGs
from sera of BALB/C mice immunized with the Spike fragment derived from SEQ ID NO:15
(open circles) vs. a mixture of this same fragment with additional mutants Y365L and V511A
(filled circles), administered with standard alum adjuvant in a prime/boost schedule.

[0039] Figure 2 shows flow cytometry of Spike fragment-specific B cells (CD3", CD19*. IgM",
IgG1") from immunized BALB/c mice 55 days post-boost demonstrating that a mixture of the
Spike fragment plus this same fragment with additional mutants Y365L and V511A (filled circles)
administered in a prime/boost immunization schedule in BALB/C mice increases anti-Spike
fragment-specific IgG-secreting memory B-cells compared to anti-Spike fragment-specific IgG-
secreting memory B-cells derived from immunization of mice with wild type (starting protein)
alone (open circles) or naive B-cells (open squares) from mock immunized mice.

[0040] Figure 3 is an alignment of the Spike Fragment of known Coronaviruses. Arrows

indicate key mutations that can be made in each of the known Spike proteins.
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Detailed Description of the Invention
Overview
[0041] We describe herein a novel method of generating an immune response, including
enhancing the generation of antibodies by using a protein’s “peptidogenic potential” via altering
the conformational dynamics of a SARS-CoV-2 starting protein while maintaining that protein’s
3-D conformation. Alternatively, a fragment consisting of amino acids 316-594 of SEQ ID NO:15
or 303-580 of SEQ ID NO:16 (examples of the “Spike fragment™) can also be used to generate
antibodies, such as when used as a vaccine. These SARS-CoV-2 peptidogenic proteins and/or
Spike fragments can then be used to mount an immune response, used as a vaccine and/or to
generate antibodies.
[0042] Thus, in one embodiment, the invention is directed to a method of triggering an immune
response wherein said method comprises designing a mixture of SARS-CoV-2 peptidogenic
proteins derived from a SARS-CoV-2 starting protein and/or Spike fragment, wherein the SARS-
CoV-2 peptidogenic proteins have altered conformational dynamics as compared to the SARS-
CoV-2 starting protein and wherein the SARS-CoV-2 peptidogenic proteins are similar in
conformation to the SARS-CoV-2 starting protein, introducing the SARS-CoV-2 peptidogenic
proteins and/or Spike fragment to an animal and generating an immune response. The SARS-
CoV-2 peptidogenic proteins and/or Spike fragment can be introduced into the animals directly
(by, for instance, inoculation or immunization) or can be expressed in vivo by polynucleotides that
have been introduced into the animal and which encode the SARS-CoV-2 peptidogenic proteins
and/or Spike fragment. Upon expression of these SARS-CoV-2 peptidogenic proteins and/or
Spike fragment, the immune response is triggered to generate antibodies preferably to both the
SARS-CoV-2 peptidogenic proteins and to the original SARS-CoV-2 starting protein.
[0043] Introduction of the polynucleotides can occur, for example, by either directly or after
first performing ex vivo transfection of dendritic cells. Additionally, polynucleotides encoding
the SARS-CoV-2 peptidogenic proteins and/or Spike fragment can be generated and introduced
into an animal. The SARS-CoV-2 peptidogenic proteins and/or Spike fragment can then be
produced in the animal to generate antibodies to the SARS-CoV-2 peptidogenic proteins. The
methods described herein have the potential to profoundly impact the immunogenicity of proteins.
Preferred biophysical and biochemical properties that are altered in the protein, include, but are
not limited to conformational dynamics of a protein, the thermodynamic stability, MHC-II binding,
and/or the protease susceptibility of the SARS-CoV-2 starting protein. The methods described
herein can also be used to simultaneously produce cross-reacting antibodies to different SARS-
CoV-2 peptidogenic proteins (either derived from the same or different SARS-CoV-2 starting

proteins) which has the potential to profoundly change the way in which antibodies are currently
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being generated as the repertoire of antibodies that can be obtained by a single injection in an
animal has the potential to streamline antibody development and vaccination efficacy.

[0044] We have recognized that the conformational dynamics of a protein are critical for the
ability of the protein to mount an immune response. The propensity of an antigen to efficiently
yield peptide fragments in vivo after immunization we have termed “peptidogenicity.” Having the
ability to alter the conformational dynamics of a SARS-CoV-2 starting protein to design a mixture
of SARS-CoV-2 peptidogenic proteins which can be administered directly as a protein mixture or
simultaneously expressed in an animal by a mixture of polynucleotides has the potential to generate
a broad repertoire of antibodies with a single injection in a cost-effective manner.

[0045] Thus, as disclosed herein, immunizing an animal with a mixture of SARS-CoV-2
peptidogenic proteins and/or Spike fragment can robustly stimulate the immune system, generating
stronger and/or better immune responses when placed in contact with an antigen presenting cell.
[0046] The immunization with a mixture (or combinatorial cocktail) of SARS-CoV-2
peptidogenic proteins and/or Spike fragment is advantageous due to the complexity of the
proteolytic attack on the protein antigen(s) that produces the peptides. For example, providing
multiple different SARS-CoV-2 peptidogenic proteins having different amino acid sequences
creates an environment where the "tuning mutation(s)" optimal for the production of a given
peptide (T cell epitope) in the right time frame may be different from the mutations optimal for
production of another peptide. For example, some cells, such as dendritic cells, mediate T-cell
responses during an activation phase. If these cells are presented with antigens outside of this
activation window (e.g., before or after activation) then a T-cell response may not be triggered.
Thus, T-cells need to be presented with antigens at the appropriate time, which is governed by
rates of protein degradation (e.g., proteolysis) in the antigen presenting cell, to trigger an immune
response. By giving the antigens as mixtures, a multiplicity of different SARS-CoV-2
peptidogenic proteins can be endocytosed by a single cell, which theoretically maximizes the
diversity of the peptides produced and displayed by that cell. Additionally, the SARS-CoV-2
peptidogenic proteins having increased conformational dynamics may lead to an improved MHC
class II binding which is expected to maximize the immune response. For example, for proteins
that are relatively non-immunogenic and/or are not good vaccine components because of being too
stable, and thus protease degradation is inhibited and subsequent peptide presentation is thereby
impoverished resulting in attenuation of the immune response in adaptive immunity, such proteins
could be altered as described herein to generate a mixture of SARS-CoV-2 peptidogenic proteins
with altered conformational dynamics while maintaining a similar conformation as compared to

the SARS-CoV-2 starting protein.
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[0047] In preferred embodiments, a SARS-CoV-2 starting protein, also referred to as a test
SARS-CoV-2 starting protein, can be systematically mutated to alter the thermodynamic stability
of the SARS-CoV-2 starting protein, without significantly altering the three-dimensional structure
of the corresponding folded protein, to generate SARS-CoV-2 peptidogenic proteins having
increased peptidogenicity while displaying essentially the same 3D (conformational) surface
epitopes as the SARS-CoV-2 starting protein.

[0048] Thus, increasing the immunogenicity of a SARS-CoV-2 starting protein by altering its
conformational dynamics to produce numerous SARS-CoV-2 peptidogenic proteins which can
then be simultaneously introduced into an animal will generate a robust immune response and has
the potential to raise a broader repertoire of polyclonal antibodies which can be further fractionated
(for example, by molecularly cloning via their respective encoding mRNAs) into single isolated

species.

Definitions

[0049] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by those of ordinary skill in the art, such as in the arts of peptide
chemistry, cell culture and phage display, nucleic acid chemistry and biochemistry. Standard
techniques are used for molecular biology, genetic and biochemical methods (see Sambrook et al .,
Molecular Cloning: A Laboratory Manual, 3rd ed., 2001, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY; Ausubel et al., Short Protocols in Molecular Biology (1999) 4" ed., John
Wiley & Sons, Inc.), which are incorporated herein by reference.

[0050] As used herein, “peptidogenicity” refers to the propensity of a protein to efficiently yield
a robust set of diverse peptides which can be used to yield an immune response. Various assays
exist for measuring peptidogenicity (see, for example, So et al., Figs. 2¢-d; Thai et al., Fig. 7c-f;
and Delamarre et al., Fig. 1b-c, 4b-c and 5a-b).

[0051] As used herein, a “SARS-CoV-2 peptidogenic protein” refers to a mutated SARS-CoV-
2 encoded protein that has been modified in its amino acid sequence to alter its conformational
dynamics as compared to the SARS-CoV-2 starting protein sequence while maintaining a similar
conformation to the SARS-CoV-2 starting protein. Examples of such SARS-CoV-2 starting
proteins are shown in Table 2. Preferably, the SARS-CoV-2 starting protein is the Spike protein.
[0052] As used herein, the receptor-binding domain (“RBD”) includes the art recognized domain
responsible for virus binding to its cell entry receptor, and which is also found within the Spike
protein and is identified as amino acids 319-541 of SEQ ID NO:15 and amino acids 306-527 of
SEQ ID NO: 16.
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[0053]  As used herein, the “Spike fragment™ means an amino acid fragment of the Spike protein
that comprises the RBD domain contained within a Spike protein encoded by a Coronavirus and
which corresponds to amino acids 316-594 of SEQ ID NO:15 and/or amino acids 303-580 of SEQ
ID NO:16. Figure 3 shows the amino acids beginning and ending of this equivalent fragment in
the other known Coronaviruses encoded Spike Protein. It is specifically contemplated that this
same Spike fragment can be readily identified by repeating the alignment in Figure 3 when newly
identified Coronaviruses are discovered. In further preferred embodiments, mixtures of Spike
fragments or polynucleotides encoding such fragments, derived from different Coronaviruses, are
used as described herein.

[0054] As used herein, “non-surface residues™ are residues that are not surface accessible with
regard to the 3D structure of a SARS-CoV-2 protein, e.g., residues that are buried within the
interior of the 3D structure of the native SARS-CoV-2 protein. In preferred embodiments, “non-
surface™ residues are defined by the method of Lee and Richards (see, e.g., Lee B et al., J. Mol.
Biol. (1971);55(3):379-IN4. dx.doi.org/10.1016/0022-2836(71)90324-X.), where the relative
solvent accessibility of the residue in the native protein is less than 50%, less than 40%, less than
30%, less than 25%, less than 20%, less than 10%, less than 5%, or 0%, or by the same method
where the difference between the absolute solvent accessible surface area and the surface area in
the fully extended Ala-X-Ala tripeptide (see, e.g., Gready JE et al., Protein Science.
(1997):6(5):983-98. doi: 10.1002/pro.5560060504.) is greater than 40 A% greater than 50 A2,
greater than 60 A%, greater than 70 A%, greater than 80 A2, greater than 90 A2, greater than 100 A2,
greater than 110 A% or greater than 120 A% In further preferred embodiments, “non-surface”
residues are defined as residues with a solvent accessible surface area of less than 10 A2, less than
5 A2 less than 2.5 A2 or less than 1 A2, as calculated by a structural analysis software package
familiar to those skilled in the art (e.g. UCSF Chimera (see, e.g., Pettersen EF et al., J. Comput.
Chem. (2004);25(13):1605-12. Epub 2004/07/21.), PyMol (see, e.g., Schrodinger, LLC. The

PyMOL Molecular Graphics System, Version 1.8. 2015.), etc.

[0055] As used herein, a “SARS-CoV-2 starting protein” or “test SARS-CoV-2 starting protein”
refers to the amino acid sequence of the “original” or “reference” SARS-CoV-2 protein that is used
to derive the SARS-CoV-2 peptidogenic protein. In some examples, the “SARS-CoV-2 starting
protein” can be a SARS-CoV-2 peptidogenic protein that has been further modified and can
include N and/or C terminal deletions of the SARS-CoV-2 starting protein.

[0056] As used herein, an “immune response” refers to the humoral immune response and/or the
cell-mediated immune response that is triggered by an antigen presenting cell after processing a

protein. In the humoral immune response, B lymphocytes produce antibodies that react with
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native, unprocessed antigens. These antigen-antibody reactions may in some cases involve cell-
surface antigens that activate the complement cascade, which causes the lysis of cells bearing those
antigens. In the cell-mediated immune response, T lymphocytes mobilize macrophages in the
presence of processed peptide antigens recognized as foreign. Activated T lymphocytes can also
attack cells bearing foreign antigens directly.

[0057] As used herein, an “antigen presenting cell” refers to a cell that can break down
(“process™) a protein into peptides and present the peptides, in conjunction with the MHC allele,
preferably major HLA complex class I or class IT molecules, on the cell surface. Examples of
antigen presenting cells include, but are not limited to dendritic cells, macrophages, B cells, and
monocytes.

[0058] As used herein, “conformational dynamics™ is defined as the phenomena related
conformational changes and flexibility of a protein structure in the spatial arrangement of atoms
or groups of atoms with respect to each other in a protein molecule. Conformational dynamics
include “breathing” motions and involve the vibration, bending, twisting, rotation, and other
allowed modes of movement of the atoms joined by the covalent bonds in the protein molecule,
governed by intrinsic restoring forces but modulated by non-covalent interactions such as
hydrogen bonds, van der Waals forces, and electrostatic interactions. These motions can subtly
change the geometry of the protein on a sub-picosecond timescale and can result in a vast diversity
of conformational states on a time-scale of microseconds to milliseconds. Conformational
molecular dynamics of proteins is often studied using computer simulations. See, for example,
Shaw et al (2010) Science 330, 341. Also as used herein, the conformational dynamics of a SARS-
CoV-2 starting protein can be altered by chemical modifications, amino acid substitutions, and
other mutations such as deletions, insertion, truncations, or any combination thereof, etc. By
stating that the conformational dynamics of the SARS-CoV-2 peptidogenic protein is varied with
regard to the wild type protein, it is meant that the one or more amino acid substitutions of the
SARS-CoV-2 peptidogenic protein results in altered conformational dynamics as compared to the
wild type protein.

[0059] As used herein, “thermodynamic stability” is defined in terms of a chemical system where
no or minimal energy 1s either released or consumed, and thus no or minimal changes in thermal
energy are present and the system is in its lowest energy state under a given set of experimental
conditions.  Also as used herein, a “decrease in thermodynamic stability” or “decreased
thermodynamic stability” means that the parameters pertaining to thermodynamic stability of the
SARS-CoV-2 peptidogenic protein are attenuated as compared to those of the SARS-CoV-2
starting protein measured under the same conditions, and this decrease can be achieved in the

SARS-CoV-2 peptidogenic protein by, but not limited to, alterations to the molecular structure of
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the SARS-CoV-2 starting protein via chemical modifications, amino acid substitutions, and other
genetic mutations. Methods of measuring a decrease in thermodynamic stability are known in the
art and described herein, and include protocols incorporating the measurement of parameters such
as melting temperature and urea- or guanidinium hydrochloride-induced equilibrium unfolding
(denaturation). These parameters are typically arrived at by monitoring the protein unfolding
reaction as a function temperature or denaturant concentration under conditions of equilibrium or
quasi-equilibrium. Methods for monitoring the unfolding reaction by measuring the concentration
of the unfolded state relative to that of the folded state include, but are not limited to, UV
absorption, fluorescence, and circular dichroism. This approach allows the calculation of a
stabilization free energy (Gibbs free energy) of the mutant protein relative to the stabilization free
energy of the SARS-CoV-2 starting protein measured under the same conditions. The difference
in free energy is typically denoted by AAG = AGmutant — AGstandard(e.g., wt) , Where AGmutant and
AGstandarde.g., wt) are the stabilization free energies of the mutant and “standard™ (e.g., wt or wild
type) proteins, respectively, and AAG is the difference. AAG > 0 indicates a mutant protein that is
less stable than the standard protein, and AAG < 0 indicates a mutant protein that is more stable
than the standard protein.

[0060] As used herein, a SARS-CoV-2 peptidogenic protein has a “similar conformation™ to a
SARS-CoV-2 starting protein if the 3-D structure is sufficiently maintained after mutating non-
surface residues of the protein (and, consequently, potentially modifying its overall conformational
dynamics) to allow for an antibody to cross react with both the SARS-CoV-2 peptidogenic protein
and the SARS-CoV-2 starting protein. “Cross-reactivity” can be measured by a binding assay as
described herein or as is well known in the art and is measured as a “binding affinity™ which is
based on dissociation constants (Ko}, off rates {kom}, and/or on rates {ken) The SARS-CoV-2
peptidogenic protein does not need to have an 1dentical 3-I¥ structure as the SARS-CoV-2 starting
protewry just a sufficiently simtlar structure displaying simailar 3D conformational epiiopes
{mcluding discontinuous epttopes), that will allow for an antibody to recognize both proteins, even
though the binding affinities may be nomdentical.

[0061] In the present invention, the term "antibody," refers to immunoglobulin molecules and
immunologically active portions of immunoglobulin molecules, i.e., molecules that contain an
antigen binding site that immunospecifically binds the SARS-CoV-2 peptidogenic protein, Spike
fragment, and/or the SARS-CoV-2 starting protein. As such, the term antibody encompasses not
only whole antibody molecules, but also antibody fragments as well as variants (including
derivatives such as fusion proteins) of antibodies and antibody fragments. Examples of molecules

which are described by the term "antibody" in this application include, but are not limited to: single
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chain Fvs (scFvs), Fab fragments, Fab' fragments, F(ab'),, disulfide linked Fvs (sdFvs), Fvs, and

fragments comprising or alternatively consisting of, either a VL or a VH domain. The term "single
chain Fv" or "scFv" as used herein refers to a polypeptide comprising a VL domain of an antibody
linked to a VH domain of an antibody. See Carter (2006) Nature Rev. Immunol. 6:243.

[0062] Additionally, antibodies of the invention include, but are not limited to, monoclonal,
multi-specific, bi-specific, human, humanized, mouse, or chimeric antibodies, single chain
antibodies, camelid antibodies, Fab fragments, F(ab') fragments, anti-idiotypic (anti-Id) antibodies
(including, e.g., anti-Id antibodies to antibodies of the invention), domain antibodies and epitope-
binding fragments of any of the above. The immunoglobulin molecules of the invention can be of
any type (e.g., IgG, IgE, IgM, IgD, IgA and IgY), class (e.g., IgGl, 1gG2, 1gG3, [gG4, IgAl and
IgA2) or subclass of immunoglobulin molecule.

[0063] Most preferably, the antibodies are human antibodies. As used herein, "human"
antibodies include antibodies having the amino acid sequence of a human immunoglobulin and
include antibodies isolated from human immunoglobulin libraries and xenomice or other
organisms that have been genetically engineered to produce human antibodies. For a detailed
discussion of a few of the technologies for producing human antibodies and human monoclonal
antibodies and protocols for producing such antibodies, see, e.g., PCT publications WO 98/24893;
WO 92/01047; WO 96/34096; WO 96/33735; European Patent No. 0 598 877, U.S. Patent Nos.
5.413,923: 5.625,126; 5.633.425; 5,569.825. 5.661,016; 5,545.806; 5.814.318; 5.885.793:
5,916,771; and 5,939,598 and Lonberg and Huszar, Int. Rev. Immunol. 13:65-93 (1995).

[0064] Human antibodies or "humanized" chimeric monoclonal antibodies can be produced
using techniques described herein or otherwise known in the art. For example, methods for
producing chimeric antibodies are known in the art. See, for review the following references:
Morrison, Science 229:1202 (1985); Oi et al., BioTechniques 4:214 (1986); Cabilly et al., U.S.
Patent No. 4,816,567 Taniguchi et al., EP 171496; Morrison et al., EP 173494; Neuberger et al ,
WO 8601533; Robinson et al., WO 8702671; Boulianne et al., Nature 312:643 (1984); Neuberger
et al., Nature 314:268 (1985).

[0065] The antibodies of the present invention may be monovalent, bivalent, trivalent or
multivalent. For example, monovalent scFvs can be multimerized either chemically or by
association with another protein or substance. A scFv that is fused to a hexahistidine tag or a Flag
tag can be multimerized using Ni-NTA agarose (Qiagen) or using anti-Flag antibodies (Stratagene,
Inc.).

[0066] The antibodies of the present invention may be monospecific, bispecific, trispecific or of

greater multispecificity. Multispecific antibodies may be specific for the SARS-CoV-2
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peptidogenic protein, for more than one SARS-CoV-2 peptidogenic protein, for the SARS-CoV-2

starting protein and/or for the Spike fragment, or they may be specific for both the SARS-CoV-2
peptidogenic protein and/or Spike fragment, and/or the SARS-CoV-2 starting protein and a
heterologous epitope, such as a heterologous polypeptide or solid support material. See, e.g., PCT
publications WO 93/17715; WO 92/08802; WO 91/00360;, WO 92/05793; Tutt, et al., J. Immunol.
147:60-69 (1991); U.S. Patent Nos. 4,474,893; 4,714,681; 4,925,648; 5,573,920; 5,601,819
Kostelny et.al., J. Immunol. 148:1547-1553 (1992). The term "fragment" as used herein refers to
a polypeptide comprising an amino acid sequence of at least 5 amino acid residues, at least 10
amino acid residues, at least 15 amino acid residues, at least 20 amino acid residues, at least 25
amino acid residues, at least 30 amino acid residues, at least 35 amino acid residues, at least 40
amino acid residues, at least 45 amino acid residues, at least 50 amino acid residues, at least 60
amino residues, at least 70 amino acid residues, at least 80 amino acid residues, at least 90 amino
acid residues, at least 100 amino acid residues, at least 125 amino acid residues, at least 150 amino
acid residues, at least 175 amino acid residues, at least 200 amino acid residues, or at least 250
amino acid residues, of the amino acid sequence of the SARS-CoV-2 peptidogenic protein and/or
the SARS-CoV-2 starting protein. In some embodiments, a fragment may also refer to a
polypeptide comprising an amino acid sequence of about 8 to 24 amino acid residues, or about 5
to 30 amino acid residues. In preferred embodiments, the Spike fragment consists of amino acids
316-594 of SEQ ID NO:15 or 303-580 of SEQ ID NO:16.

[0067] The term "fusion protein" as used herein refers to a polypeptide that comprises, or
alternatively consists of, an amino acid sequence of the SARS-CoV-2 peptidogenic protein and/or
Spike fragment, the SARS-CoV-2 starting protein, and/or the antibody raised against the SARS-
CoV-2 peptidogenic protein and/or Spike fragment and an amino acid sequence of one or more
heterologous peptides and/or polypeptides. For vaccine applications, the heterologous polypeptide
sequence fused to the SARS-CoV-2 peptidogenic protein and/or Spike fragment is preferably from
a viral protein.

[0068] The term "host cell" as used herein refers to the particular subject cell transfected with a
nucleic acid molecule and the progeny or potential progeny of such a cell. Progeny may not be
identical to the parent cell transfected with the nucleic acid molecule due to mutations or
environmental influences or developmental steps that may occur in succeeding generations or
integration of the nucleic acid molecule into the host cell genome.

[0069] A "conservative amino acid substitution” is one in which the amino acid residue is
replaced with an amino acid residue having a side chain with a similar chemical nature (e.g., size,
charge, steric features [e.g., beta-branched vs. non-beta-branched], polarity [hydrophilic vs.

hydrophobic], aromatic vs. non-aromatic, etc.). Whether or not a particular substitution is deemed
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“conservative” may also depend on the structural context in the folded protein in which a
substitution occurs. Amino acid side chains may be chemically similar in one respect but
chemically dissimilar in another, and the context may determine which of these properties
dominates in terms of how “conservative” (i.e., least disruptive) that particular substitution is.
Families of amino acid residues having chemically similar side chains have been defined in the
art. These families include amino acids with basic side chains (e.g., lysine, arginine), acidic side
chains (e.g., aspartic acid, glutamic acid), uncharged polar side chains (e.g., asparagine, glutamine,
serine, threonine), nonpolar side chains (e.g., glycine, alanine, valine, leucine, isoleucine, proline,
phenylalanine, methionine, tryptophan), beta-branched side chains (e.g., threonine, valine,
isoleucine) and aromatic side chains (e.g., tyrosine, phenylalanine, tryptophan, histiding). Some
side chains have a hybrid character that is pH-dependent in physiologically relevant pH ranges.
For example, histidine (pKa ~ 6) becomes more positively-charged (basic) below pH 6, and polar
but substantially uncharged at pH 7.5 and above. Cysteine (pKa ~ 8.5) is substantially uncharged
(and not particularly polar) below pH 8, but negatively charged (and acidic) at pH 9. The tyrosine
phenolic side chain is also partially ionized and negatively charged at higher pH. Moreover, the
local electrostatic environment (context) of the rest of the protein can shift these effective pH
values substantially. Moreover, an acidic protein cysteine thiolate side chain can react, via thiol-
disulfide exchange involving an intermediary disulfide-containing compound such as oxidized
glutathione, with another protein cysteine thiol to form an intramolecular disulfide bond; such
bonds are highly hydrophobic (non-polar). Additionally, both naturally occurring and/or non-
naturally occurring amino acids can be used in the SARS-CoV-2 peptidogenic proteins and/or
Spike fragment.

[0070] Mutations can be introduced in a site-directed fashion or randomly along all or part of the
coding sequence. Libraries of mutants can be designed to introduce a single amino acid
substitution, two amino acid substitutions, three amino acid substitutions, four amino acid
substitutions, and so forth, up to nineteen amino acid substitutions at a given residue site. In still
other embodiments, libraries of mutants can be designed to introduce more than nineteen amino
acid substitutions (including natural and non-natural amino acids) at a given residue site. In
addition, libraries can be combinatorially designed to simultaneously produce multiple mutations
at two sites, three sites, four sites, and so on. Following mutagenesis, the encoded protein may
routinely be expressed and the conformational dynamics of the encoded protein and/or
peptidogenicity can be determined using techniques described herein or by routinely modifying
techniques known in the art. The resultant mutant proteins can be screened and evaluated for
altered thermodynamic stability or for peptidogenicity or for similar conformation to the SARS-

CoV-2 starting protein and/or Spike fragment. Alternatively, the expressed protein “output” from
51



WO 2022/051549 PCT/US2021/048932

the designed library can be used to immunize an animal without prior screening for protein
properties.

[0071] As used herein, the “patient” or “subject suitable for treatment” may be a mammal, such
as arodent (e.g. a guinea pig, a hamster, arat, a mouse), murine (e.g. a mouse), canine (e.g. a dog),
feline (e.g. a cat), equine (e.g. a horse), a primate, simian (e.g. a monkey or ape), a monkey (e.g.
marmoset, baboon, thesus macaque), an ape (e.g. gorilla, chimpanzee, orangutan, gibbon), or a
human. In other embodiments, non-human mammals, especially mammals that are conventionally
used as models for demonstrating therapeutic efficacy in humans (e.g. murine, primate, porcine,
canine, camels, llamas, or rabbits) may be employed.

[0072] Other aspects and embodiments of the invention provide the aspects and embodiments
described herein with the term “comprising” replaced by the term “consisting of ” and the aspects
and embodiments described above with the term “comprising” replaced by the term “consisting
essentially of .

[0073] As used herein, “and/or” is to be taken as specific disclosure of each of the two or more
specified features or components with or without the others. For example “A, B and/or C” is to
be taken as specific disclosure of each (1) A, (i1) B, (ii1) C, (iv) Aand B, (v) Aand C, (vi) B and C

and (vii) A and B and C, just as if each is set out individually.

Methods of Altering the Conformational Dynamics of a Protein

[0074] A SARS-CoV-2 peptidogenic protein and/or Spike fragment can be generated using
standard molecular biology mutagenesis techniques well known in the art. For example, the
SARS-CoV-2 peptidogenic protein and/or Spike fragment can be generated by random
mutagenesis as is well known in the art, such as, for example, by error-prone PCR, random
nucleotide insertion or deletion or other methods prior to recombination.

[0075] To generate the SARS-CoV-2 peptidogenic protein and/or Spike fragment, protein
engineering may be employed. Recombinant DNA technology known to those skilled in the art
can be used to create SARS-CoV-2 peptidogenic proteins and/or Spike fragment including single
or multiple amino acid substitutions, deletions, insertions, or fusion proteins. Such SARS-CoV-2
peptidogenic proteins may be screened for those that have altered conformational dynamics while
maintaining a similar conformation to the SARS-CoV-2 starting protein as described herein.
[0076] For example, to increase the conformational dynamics of the SARS-CoV-2 peptidogenic
protein and/or Spike fragment, the following table, Table 1, shows the average change in Gibbs
free energy for exemplary amino acid substitutions in a range of proteins, derived from Tables 1

and 2 of Loladze et al., J. Mol. Biol. 320, 343-357 (2002) [note: this paper uses a non-standard
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convention when expressing Gibbs free energies between mutant and wild type proteins, namely
using negative values to indicate destabilization (AAG=AG(mutant)-AG(WT)); the standard
convention is that positive changes indicate destabilization (AAG=AG(WT)—AG(mutant), see
above)]. For example, Val and Leu (and the other larger non-polar amino acid residues) can be
substituted with smaller ones such as Ala, Thr, Asn, and/or Gly. In addition, the buried site of Glu
in the native protein structure, can be substituted with Leu, Val, Asn, Thr, Ser, Ala, and/or Gly.
The types of single site amino acid substitutions shown generally have little impact on the overall

conformation of the SARS-CoV-2 starting protein.

Table 1
Amino Acid Substitution Average Gibbs Free Energy difference between mutant
(multiple positions in various and wild type at core residues within a protein
proteins) AAG (kJ/mol)
Val -> Ala -12.1(£3.3)
Val -> Thr -11.3(£3.7)
Val -> Asn -21.5(1.0)
Leu-> Ala -14.2(x4.2)

[0077] Another illustrative paper describing destabilizing mutations in the core of a protein that
increase conformational dynamics is Kim et al (1993) Protein Sci. 2:588-596. In this work, the
authors show that the mutations Phe22 -> Ala (2.1 kcal/mol), Tyr23 -> Ala (7.0 kcal/mol), Tyr35
-> Gly (5.7 kcal/mol), Asn43 -> Gly (6.0 kcal/mol), and Phe45 -> Ala (7.2 kcal/mol) destabilize
bovine pancreatic trypsin inhibitor (BPTI) at pH 3.5 by the respective amounts shown in
parentheses, without seriously disrupting the overall 3D structure of BPTL

[0078] In addition, genetic deletions, insertions, inversions, repeats, and type substitutions
selected according to general rules known in the art should have little effect on activity. For
example, guidance concerning how to make phenotypically silent amino acid substitutions is
provided in Bowie, J. U. et at., "Deciphering the Message in Protein Sequences: Tolerance to
Amino Acid Substitutions," Science 247:1306-1310 (1990), wherein the authors indicate that there
are two main approaches for studying the tolerance of an amino acid sequence to change. The first
method relies on the process of evolution, in which mutations are either accepted or rejected by
natural selection. The second approach uses genetic engineering to introduce amino acid changes
at specific positions of a cloned gene and selections or screens to identify sequences that maintain
functionality.

[0079] As the authors state, these studies have revealed that proteins are surprisingly tolerant of
amino acid substitutions. The authors further indicate which amino acid changes are likely to be

permissive at a certain position of the protein. For example, most buried amino acid residues
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require nonpolar side chains, whereas few features of surface side chains are generally conserved.
Other such phenotypically silent substitutions are described in Bowie, J. U. et al., supra, and the
references cited therein. Typicallv seen as conservative substitutions are the replacements, one for
another, among the aliphatic amino acids Ala, Val, Leu and Ile; interchange of the hydroxyl-
bearing residues, Ser and Thr; exchange of the acidic residues, Asp and Glu; substitution between
the sidechain amide-bearing residues, Asn and Gln; exchange of the basic amino acids, Lys and
Arg; and replacements among the aromatic residues, Phe and Tyr.

[0080] In preferred embodiments, the conformational dynamics of the SARS-CoV-2 starting
protein is altered by replacing: (a) at least one threonine with a valine, alanine, glycine or serine;
or (b) at least one cysteine with alanine, valine, glycine, serine or threonine; or (c) at least one
valine with alanine, glycine, leucine or isoleucine; or (d) at least one leucine with alanine, valine,
glycine, or isoleucine; or (e) at least one isoleucine with alanine, valine, isoleucine, or glycine; or
(f) at least one proline, methionine, phenylalanine, tyrosine, or tryptophan with alanine, valine,
leucine, isoleucine, or glycine; or (g) at least one aspartic acid with glutamic acid, glutamine,
asparagine, glycine, serine, threonine, alanine, valine, leucine, isoleucine; or (h) at least one
glutamic acid with aspartic acid, glutamine, asparagine, glycine, serine, threonine, alanine, valine,
leucine, or isoleucine; or (1) at least one lysine with arginine, histidine, glycine, serine, threonine,
alanine, valine, leucine, or isoleucine; or (j) at least one arginine with lysine, histidine, glycine,
serine, threonine, alanine, valine, leucine, or isoleucine; or (k) at least one histidine with lysine,
arginine, glycine, serine, threonine, alanine, valine, leucine, isoleucine, or glutamine; or (1) at least
one alanine with a glycine or proline; or (m) at least one asparagine with a glycine, alanine, serine,
threonine, glutamine, aspartic acid, or glutamic acid; or (n) at least one glutamine with a glycine,
alanine, serine, threonine, asparagine, aspartic acid, glutamic acid, or histidine; or (o) at least one
glycine with an alanine or proline; or (p) at least one residue with a non-natural amino acid; or (q)
any combination of (a)-(p). In still further preferred embodiments, the conformational dynamics
of the SARS-CoV-2 starting protein is altered by replacing: (a) at least one tryptophan with
tyrosine, phenylalanine, methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or
(b) at least one tyrosine with phenylalanine, methionine, histidine, isoleucine, leucine, valine,
alanine or glycine; or (c) at least one phenylalanine with tyrosine, methionine, histidine, isoleucine,
leucine, valine, alanine or glycine; or (d) at least one proline with methionine, leucine, isoleucine,
valine, alanine, or glycine; or (e) at least one histidine with phenylalanine, tyrosine, methionine,
isoleucine, leucine, valine, alanine, glycine, lysine, arginine, serine, threonine, asparagine, or
glutamine; or (f) at least one methionine with isoleucine, leucine, valine, alanine or glycine; or (g)
at least one isoleucine with leucine, valine, alanine or glycine; or (h) at least one leucine with

isoleucine, valine, alanine or glycine; or (1) at least one valine with alanine, glycine, leucine, or
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isoleucine; or (j) at least one cysteine with alanine, valine, glycine, serine or threonine; or (k) at
least one aspartic acid with glutamic acid, glutamine, asparagine, glycine, serine, threonine,
alanine, valine, leucine, or isoleucine; or (1) at least one glutamic acid with aspartic acid, glutamine,
asparagine, glycine, serine, threonine, alanine, valine, leucine, or isoleucine; or (m) at least one
alanine with a glycine or proline; or (n) at least one serine with alanine or glycine; or (o) at least
one glycine with alanine or proline; or (p) at least one lysine with arginine, histidine, glycine,
serine, threonine, alanine, valine, methionine, leucine or isoleucine; or (q) at least one asparagine
with glycine, alanine, serine, threonine, valine, leucine, isoleucine, glutamine, aspartic acid or
glutamic acid; or (r) at least one glutamine with glycine, alanine, serine, threonine, valine, leucine,
isoleucine, glutamine, aspartic acid, glutamic acid, or histidine; or (s) at least one arginine with
lysine, histidine, glycine, serine, threonine, alanine valine, methionine, leucine, or isoleucine; or
(t) at least one threonine with valine, alanine, glycine or serine; or (u) a hydrophobic residue with
a smaller, similar hydrophobic residue; or (v) at least one residue with a non-natural amino acid;
or (w) any of the above combinations. In some embodiments, hydrophobic resides are targeted
for replacement.

[0081] Amino acids in the SARS-CoV-2 starting protein that are essential for function,
conformation, and/or structure and positioned on the protein surface vs. internal can be identified
by methods known in the art, such as site-directed mutagenesis or alanine-scanning mutagenesis
(Cunningham and Wells, Science 244: 1081-1085 (1989)). The latter procedure introduces single
alanine mutations at every residue in the molecule. The resulting mutant molecules are then tested
for those having altered conformational dynamics while maintaining a similar conformation to the
SARS-CoV-2 starting protein.

[0082] In an additional embodiment, the amino acid sequence of the SARS-CoV-2 starting
protein has one or more amino acids (for example, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30 or 50
amino acids) replaced with the substituted amino acids as described above (either conservative or
non-conservative substitutions) to produce the SARS-CoV-2 peptidogenic protein and/or Spike
fragment. For example, substitutions in positions not involving a SARS-CoV-2 starting protein’s
activity and/or internal to the protein structure can be readilv made. Sites that are critical for
ligand-receptor binding can also be determined by structural analysis such as crystallization,
nuclear magnetic resonance or photoaffinity labeling (Smith et al., J. Mol. Biol. 224:899-904
(1992); and de Vos et al. Science 255:306-312 (1992)).

[0083] Recombinant DNA technology that employs combinatorial mutagenesis and synthetic
DNA synthesis approaches known to those skilled in the art can also be used to create a SARS-
CoV-2 peptidogenic protein and/or Spike fragment including single or multiple amino acid

substitutions, deletions, additions or fusion proteins. Such modified polypeptides may be then
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screened for altered conformational dynamics while maintaining a similar conformation as the
SARS-CoV-2 starting protein.

[0084] Thus, a SARS-CoV-2 peptidogenic protein and/or Spike fragment can be made where
one or more amino acid residues are deleted, added, or substituted to generate SARS-CoV-2
peptidogenic proteins having altered conformation dynamics. For example, residues in the
hydrophobic “core” of the protein can be substituted with non-polar residues having smaller side
chains (supra) in order to create cavities in the core and disrupt the packing, and cysteine residues
can be deleted or substituted with other amino acid residues in order to eliminate disulfide bridges
(which are often found in protein cores). In some embodiments, at least one disulfide bond is
eliminated in the SARS-CoV-2 starting protein, such as, for example, replacing the cysteines with
alanines, serines, and/or glycines, etc. In further preferred embodiments, both cysteines involved
in the formation of the at least one disulfide bond are replaced with alanines, serines, and/or
glycines, or preferably with alanines or glycines, etc.

[0085] The SARS-CoV-2 peptidogenic proteins are preferably provided in an isolated form, and
preferably are substantially purified. Additionally, the SARS-CoV-2 peptidogenic proteins would
display a stable 3D conformational epitope for B-cell activation while synthesized peptides (such
as by chemical synthesis) can be co-administered, which could optimize the epitopes for MHC-II
presentation. Alternatively, the SARS-CoV-2 peptidogenic proteins and peptides can be expressed
by a mixture of polynucleotides. In still other embodiments, SARS-CoV-2 peptidogenic proteins
and/or Spike fragment can be combined with a wild type SARS-CoV-2 starting protein and
synthetic peptide(s) to elicit an immune response.

[0086] In some embodiments, the rate of polypeptide degradation may be adjusted in order to
produce an optimal mix of peptides, and in the right time frame, to allow maximal diversity of the
displayed peptides on the antigen presenting cells.

[0087] Immunization with mixtures (such as combinatorial cocktails) of antigens is
advantageous due to the complexity of the proteolytic attack on the protein antigen(s) that produce
the peptides for display. Thus, the "tuning mutation(s)" optimal for the production of a given
peptide (T cell epitope) in the right time frame may be different from the mutations optimal for
production of another peptide. By giving the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment as mixtures, a multiplicity of different mutant SARS-CoV-2 proteins may be
endocytosed by a single cell or multiple cells, which maximizes the diversity of the peptides
produced and displayed by that cell. Alternatively, the Spike fragment can be admininstered alone

as a vaccine.

56



WO 2022/051549 PCT/US2021/048932
[0088] Combinatorial immunization, in which subjects are immunized with two or more distinct
SARS-CoV-2 peptidogenic proteins that have the same overall surface features (i.e. cross-reacting
B-cell epitopes) but with different conformational dynamics, enriches the diversity of T-cell
epitopes. This combinatorial approach, which includes hundreds or even thousands of different
SARS-CoV-2 peptidogenic proteins in a single inoculation (both protein-based and nucleotide-
based) may vastly increase the B-cell epitope repertoire, since every molecule in the mix can
contribute to one or more unique T-cell epitopes while maintaining a wild type-like conformation.
In some aspects, because the wild-type configuration is maintained, the B-cell epitope repertoire

is biased towards the most stable (and presumably wild type-like) molecules in the ensemble.

Peptidogenic Protein has a Similar Conformation as a SARS-CoV-2 starting protein

[0089] The operational test of whether the SARS-CoV-2 peptidogenic protein has a “similar
conformation to the SARS-CoV-2 starting protein” is whether or not a cross-reacting antibody,
especially an antibody that recognizes a conformational (3D) epitope, specifically binds to both
the SARS-CoV-2 peptidogenic protein and the SARS-CoV-2 starting protein. In the present
invention “cross-reactivity” or a “cross-reacting antibody” is defined in terms of “hinding affimty™
which can be measured based on dissociation constant (Kp), off rate {(Kon), and/or on rate (keu}.

[0090] For example, a cross-reacting antibody binds to both the SARS-CoV-2 peptidogenic
protein and the SARS-CoV-2 starting protein at a dissociation constant or Ko less than or equal {o
S}I07M, 1079M, 52107 M, 10T'M, 531078 M, or 107"M. Even more preferably, a cross-reacting
antthody binds to both the SARS-CoV-2 peptidogenic protein and the SARS-CoV-2 starting
protein at a dissociation constant Ko less than or equal to $x107°M, 1077 M, 5x107 1M, 10719M,
S0 M I0TH M, $21072 M, 107 M, 341075M, 1075 M, 531075 M, or 107 ¥M. The invention
encompasses a dissociation constant or Kp for the SARS-CoV-2 peptidogenic protein and/or the
SARS-CoV-2 starting protein that is within any one of the ranges that are between each of the
individual recited values, Additionally, it is specificallv contemplated that the Ko for the antibody
ihat binds 10 a SARS-CoV-2 peptidogeruc protein may not be idendical fo its Kp with respect to
the SARS-CoV -2 starting protein, and in preferred embodiments, the Ko for the antibody that binds
to the SARS-CoV-2 peptidogenic protein is less than the Ko for s binding {o the SARS-{oV-2
starting protein. It 1s understood that, operationally, KD mthis case refers to the functioual aftuuty
of the antibody for the antigen. Functional or “apparent” affinity may be enhanced in multivalent
antibodies that contain multiple miteracting sites {eg., Fab arms} that can bind fo the antigen

{“avidity effect™).
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[0091] Additionally, a cross-reacting antibody binds to both the SARS-CoV-2 peptidogenic
protein and the SARS-CoV-2 starting protein with an off raie (ks of less than or equal to
Sx107%sec l 107%sec! 5x107%sec or 1077 sec™!. More preferablv, a cross-reacting antibody
binds to both the SARS-CoV-2 peptidogenic protein and the SARS-CoV-2 starting protein at off
rate (ko) of less than or equal to 5210 sec™’, 107%sec ™!, $x1077 sec™, or 107 sec™, 541070500,
107%sec™!, 5210 7sec or 10 'sec™!. The invention encompasses an off rate (ko) for the SARS-
CoV-2 peptidogenic protein and/or the SARS-CoV-2 starting protein that i1s within any one of the
ranges that are between each of the individual recited values. Additionally, it 15 specifically
corternplated that the ke of the antibody for the SARS-CoV-2 peptidogenic protein mav not be
identical to the kor of the SARS-CoV-2 starting protein, and in preferred embodiments, the (kow)
for the binding of the antibody 10 the SARS-CoV-2 peptidogenic protein ¢ greater than the (ko)
for the binding of the antibody {0 the SARS-CoV-Z starting protein.

[0092] Assays to test for the cross-reactivity are described herein or are known in the art. For
example, binding assays may be performed in solution (e.g., Houghten, Bio/Techniques 13:412-

421(1992)), on beads (e.g., Lam, Nature 354:82-84 (1991)), on chips (e.g., Fodor, Nature 364:555-
556 (1993)), on bacteria (e.g., U.S. Patent No. 5,223,409), on spores (e.g., Patent Nos. 5,571,698
5,403,484 and 5,223,409), on plasmids (e.g., Cull et al., Proc. Natl. Acad. Sci. USA 89:1865-1869
(1992)) or on phage (e.g., Scott and Smith, Science 249:386-390 (1990); Devlin, Science 249:404-
406 (1990), Cwirla et al., Proc. Natl. Acad. Sci. USA 87:6378-6382 (1990); and Felici, J. Mol.
Biol. 222:301-310 (1991)). Examples of such assays are described further below in the Examples.

Use as a Vaccine

[0093] A mixture of SARS-CoV-2 peptidogenic proteins and/or Spike fragment and/or
polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or the Spike fragment can
be used to vaccinate an animal. This vaccination may lead to the raising of antibodies to the Spike
fragment and/or SARS-CoV-2 peptidogenic proteins. A subject suitable for treatment as described
above may be a mammal, such as a rodent (e.g. a guinea pig, a hamster, a rat, a mouse), murine
(e.g. amouse), canine (e.g. a dog), feline (e.g. a cat), equine (e.g. a horse), a primate, simian (e.g.
a monkey or ape), a monkey (e.g. marmoset, baboon, rhesus macaque), an ape (e.g. gorilla,
chimpanzee, orangutan, gibbon), or a human. In preferred embodiments, the subject is a human.
In other embodiments, non-human mammals, especially mammals that are conventionally used as
models for demonstrating therapeutic efficacy in humans (e.g. murine, primate, porcine, canine,

or rabbit animals) may be employed.
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[0094] In some embodiments, the SARS-CoV-2 peptidogenic proteins and/or Spike fragment are
chimeric fusion proteins, e.g., a protein that has been fused to another protein, e.g. a viral coat
protein, that are used for vaccines. Examples of viruses that could be used to deliver peptidogenic
protein fused to a viral coat protein as part of a component vaccine include lentivirus vectors,
adenovirus vectors (e.g. adenovirus serotype 5 (AdS)), vaccinia viruses, alphavirus vectors,
vesicular stomatitis virus (VsV) vectors, canarypox virus vectors, and measles virus vectors,
among those that have been most widely used and investigated.

[0095] A vaccination strategy can be based on one or more administrations of the SARS-CoV-2
peptidogenic proteins and/or Spike fragment and/or polvnucleotides encoding the SARS-CoV-2
peptidogenic proteins and/or Spike fragment to the subject as described herein to enable the
development of memory B cells and memory T cells against the SARS-CoV-2 peptidogenic
protein and/or Spike fragment. Vaccmation can be conducted either prophvlactically or
therapeutically. The SARS-CoV-2 peptidogenic proteins can be dertved from etther the same
SARS-CoV-2 starting protetn or from multiple SARS-CoV-2 starting protoms.  While
prophylactic vaccination strategies aim to stimulate the subject's imnmumne system i developing
preventive adaptive tmmunity to a pathogen, the goal of therapeutic vaccination strategy is
conducied after the disease has been already established or to improve a climeal situation, present
int the subject.

[0096] Proteolytic processing involves antigens such as SARS-CoV-2 peptidogenic proteins
and/or Spike fragment being processed in Antigen Presenting Cells after endocytosis and fusion
of the endosome with a lysosome. The endosome then merges with an exocytic vesicle from the
Golgi apparatus containing class I MHC molecules, to which the resultant peptides bind. The

MHC-peptide complex then trafficks to the plasma membrane where the antigen is available for
display to CD4" T cells. Any limitation of the proteolytic processing of the SARS-CoV-2
peptidogenic proteins and/or Spike fragment could promote a narrowing of the diversity of the
peptide products, which would give the class II MHC molecules fewer options among which to
select stable binding partners, and this could exacerbate the phenomenon of immunodominant
determinants. Heightened immunodominance would in turn increase the proportion of non-
responders in the population, because immune responsiveness is governed by the genetics of class
IT MHC alleles. Hence, vaccines using a mixture of SARS-CoV-2 peptidogenic proteins and/or
Spike fragment and/or polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or
Spike fragment described herein should increase the variety of antigen peptides resulting from
intra-endosomal proteolytic processing and therefore would be expected to increase the

effectiveness of the vaccine.
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[0097] For example, polyvnuclectides encoding the SARS-CoV-2 peptidogenic proteins and/or
Spike fragment can also be direclly wiroduced nio ammals,  See, for example, U.S. patent
numbers 5,676,954; 6,875,748, 5,661,133; Sahin et al., Nat Rev Drug Discov, 2014
Oct;13(10):759-80; Kariko et al., Mol Ther, 2008 Nov;16(11):1833-40; Kariko et al., Nucleic Acid
Res, 2011, Nov;39(21):e142; US Patent number 6,511,832, In one example, polynuclectides, such
as a DNA sequences encoding a mixture of SARS-CoV-2 peptidogenic proteins and/or Spike
fragment are directly injected into a host animal and the polvnucleotides enter nto the nucleus to
be transcribed to mRNA 1 order to produce the SARS-CoV-2 peplidogenic proteins and/or Spike
fragroent.  The polynucleotides may be provided as DNA vaccioes comprising an expression
vector (2.g. plasnud) or recombinant viral vector, wherein, for example, DNA sequences encoding
amixture of SARS-CoV-2 peptidogenic proteins and/or Spike fragment are inchuded in a construct
with appropriate transcriptional and translational control signals for their expression. Those skilled
in the art will be well aware of suitable expression vectors and viral vectors for use in DNA
vaccines. Such vectors are discussed in detail in, for example, Kutzler et al. Nat. Rev. Genet.
9(10):776-788 (2008). DNA vaccines may be formulated with suitable adjuvants and/or may be
incorporated into various delivery vehicles such as liposomes (e.g. cationic liposomes), lipid
inorganic nanoparticles (LION), and lipid-nucleic acid nanoparticle (LNP) complexes (Bruun et
al., Int. J. Nanomedicine 10:5995-6008 (2015). In other cases, DNA vaccines may be "naked"
DNA vaccines.

[0098] Similasty, the polvnuclectides can alse be mRBNA sequences, such as an in vifro
transcribed mRNA (VT mRNA). Essenttally, synthetic mRNAs can be engineered o express
SARS-CoV-2 peptidogenic proteins and/or Spike fragment, and ideally, the mRNA 1s translated
i the cell’s cytoplasm without entering the nucleus. In the cytoplasm, the mRNA 1s decoded by
sibosomes and 1s transiated into the SARS-CoV-2 peplidogenic proteins and/or Spike fragment.
The polvoucieotides may be provided as RNA vaccines coraprising an expression vector or
recombinant viral vector. In some embodiments, the polvnucleotides may be provided as a virus-
derived replicon (repRNA) vaceme encoding an mtact viral RNA polvmerase complex (typically
from an alphavirus), but wherein the structural protein genes would be replaced with the mRNA
Scignce 243:1188-1191 (19893}, Like DNA vaccines, vaccings comprising, for example, mRNA
sequences encoding a mixhure of SARS-CoV-2 peptidogenic proteins and/or Spike fragment may
be formulated with suitable adjuvants and/or incorporated into various delivery vehicles such as
liposomes and LNPs, or be administered in a naked form.

[0099] In either method, the SARS-CoV-2 peptidogenic protemns and/or Spike fragment are

expressed from the polynuclectides and then processed and used to generate antibodies, much like
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immunization with a protein.  The polvaucleotides encoding the SARS-CoV-2 peptidogenic
proteins and/or Spike fragment can be synthesized using the genetic codon degeneracy and
standard DNA synthesis techniques. Mixtures of different polynucleotides encoding the same
peptidogenic protein, different SARS-CoV-2 peptidogenic proteins derived from the same SARS-
CoV-2 starting protein, and/or different SARS-CoV-2 peptidogenic proteins derived from different
SARS-CoV-2 starting proteins can be used.

[00100] Of particular interest are vaccines that can achieve strong protective immune responses
in elderly patients, a patient population especially susceptible to severe and life-threatening
infection with SARS-CoV-2 (Erasmus et al., Sci. Transl. Med. 12:555 (2020); Pfizer Press release:
"Pfizer and BioNTech Choose Lead mRNA Vaccine Candidate Against COVID-19 and
Commence Pivotal Phase 2/3 Global Study", 27 July 2020; Walsh et al, medRxiv preprint doi:
https://doi.org/10.1101/2020.08.17.20176651 version posted August 20, 2020; Koff & Williams,

New Engl. J. Med. 383:805 (2020)). Dysfunction of the vacuolar ATPase and a consequent rise
in lysosomal pH is common in aged individuals (Colacurcio & Nixon, Ageing Res. Rev. 32:75).
Since acid pH is the primary protein denaturant in lysosomes and since the degradative lysosomal
proteases (cathepsins) have acid pH activity optima, rising intralysosomal pH hinders proteolytic
processing. Increased peptidogenicity of the substrate proteins counteracts this tendency and
should lead to more efficient antigen processing by the antigen presenting cells (APCs) of older
individuals and thus enhance the immune response. The use of certain adjuvants (e.g. liposome-
based ASO1B adjuvant system) and other strategies to achieve potent CD4" and CD8* T cell
responses, may also be employed to achieve strong and protective immune responses in elderly

patients (Weinberger, Immunity & Ageing 15:3 (2018)).

Use of the SARS-CoV-2 peptidogenic protein to Generate Antibodies

[00101] The SARS-CoV-2 peptidogenic protein and/or Spike fragment can also be used to
generate antibodies by methods well known by the skilled artisan, such as, for example, methods
described in the art. See, for instance, Sutcliffe et al., supra; Wilson et al., supra; Chow et al., Proc.
Natl. Acad. Sci. USA 82:910-914 (1985); and Bittle et al., J. Gen. Virol. 66:2347-2354 (1985). If
in vivo immunization is used, animals may be immunized with a SARS-CoV-2 peptidogenic
protein and/or Spike fragment, and/or a SARS-CoV-2 polynucleotide encoding the SARS-CoV-2
peptidogenic protein and/or Spike fragment described herein.

[00102] Animals such as rabbits, rats, mice, llamas, camels, and/or cows can be immunized with
the SARS-CoV-2 peptidogenic protein and/or Spike fragment, and/or a polynucleotide encoding
the SARS-CoV-2 peptidogenic protein and/or Spike fragment. For instance, intraperitoneal and/or

intradermal injection of emulsions containing about 100 micrograms of a SARS-CoV-2
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peptidogenic protein and/or Spike fragment or carrier protein and Freund's adjuvant or any other
adjuvant known for stimulating an immune response may be used. Several booster injections may
be needed, for instance, at intervals of about two weeks, to provide a useful titer of anti-
peptidogenic protein antibody which can be detected, for example, by ELISA assay using free
peptidogenic protein adsorbed, directly or indirectly (e.g., via a biotinylated AviTag), to a solid
surface. The titer of anti-peptidogenic protein antibodies in serum from an immunized animal may
be increased by selection of anti-peptidogenic protein antibodies, for instance, by adsorption to the
SARS-CoV-2 peptidogenic protein and/or Spike fragment on a solid support and elution of the
selected antibodies according to methods well known in the art. Such selections could also be
done using the SARS-CoV-2 starting protein.

[00103] Additionally, antibodies generated by the disclosed methods can be affinity matured using
display technology, such as for example, phage display, yeast display or ribosome display. In one
example, single chain antibody molecules ("scFvs") displayed on the surface of phage particles are
screened to identify those scFvs that immunospecifically bind to the SARS-CoV-2 peptidogenic
protein, and/or Spike fragment, and/or the SARS-CoV-2 starting protein. The present invention
encompasses both scFvs and portions thereof that are identified to immunospecifically bind to the
SARS-CoV-2 peptidogenic protein, and/or Spike fragment, and/or the SARS-CoV-2 starting
protein. Such scFvs can routinely be "converted” to immunoglobulin molecules by inserting, for
example, the nucleotide sequences encoding the VH and/or VL domains of the scFv into an
expression vector containing the constant domain sequences and engineered to direct the

expression of the immmmoglobulin molecule.

Expression Systems

[00104] Methods which are well known to those skilled in the art can be used to construct
expression vectors containing antibody coding sequences and the coding sequences for the SARS-
CoV-2 peptidogenic protein and/or Spike fragment, and appropriate transcriptional and
translational control signals. These methods include, for example, in vitro recombinant DNA
techniques, synthetic techniques, and in vivo genetic recombination. The invention, thus, provides
replicable vectors comprising a nucleotide sequence encoding either the SARS-CoV-2
peptidogenic protein and/or Spike fragment or an antibody raised to the SARS-CoV-2
peptidogenic protein and/or Spike fragment (e.g., a whole antibody, a heavy or light chain of an
antibody, a heavy or light chain variable domain of an antibody, or a portion thereof, or a heavy
or light chain CDR, a single chain Fv, or fragments or variants thereof), operably linked to a
promoter. Such vectors may include the nucleotide sequence encoding the constant region of the

antibody molecule (see, e.g., PCT Publication WO 86/05807; PCT Publication WO §9/01036; and
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U.S. Patent No. 5,122,464) and the variable domain of the antibody may be cloned into such a

vector for expression of the entire heavy chain, the entire light chain, or both the entire heavy and
light chains.

[00105] The expression vector(s) can be transferred to a host cell by conventional techniques and
the transfected cells are then cultured by conventional techniques to produce either the SARS-
CoV-2 peptidogenic protein and/or Spike fragment or the antibody that has been raised against a
SARS-CoV-2 peptidogenic protein and/or Spike fragment. Thus, the invention includes host cells
containing polynucleotide(s) encoding the SARS-CoV-2 peptidogenic protein and/or Spike
fragment or an antibody raised against the SARS-CoV-2 peptidogenic protein and/or Spike
fragment (e.g., whole antibody, a heavy or light chain thereof, or portion thereof, or a single chain
antibody of the invention, or a fragment or variant thereof), operably linked to a heterologous
promoter. In preferred embodiments, for the expression of entire antibody molecules, vectors
encoding both the heavy and light chains may be co-expressed in the host cell for expression of
the entire immunoglobulin molecule, as detailed below.

[00106] A variety of host-expression vector systems may be utilized to express the SARS-CoV-2
peptidogenic protein and/or Spike fragment or the antibody raised to the SARS-CoV-2
peptidogenic protein and/or Spike fragment. Such host-expression systems represent vehicles by
which the coding sequences of interest may be produced and subsequently purified, but also
represent cells which may, when transformed or transfected, with the appropriate nucleotide
coding sequences, express the SARS-CoV-2 peptidogenic protein and/or Spike fragment or the
antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment. These include,
but are not limited to, microorganisms such as bacteria (e.g., E. coli, B. subtilis) transformed with
recombinant bacteriophage DNA, plasmid DNA or cosmid DNA expression vectors containing
sequences; yeast (e.g., Saccharomyces, Pichia) transformed with recombinant yeast expression
vectors containing coding sequences; insect cell systems infected with recombinant virus
expression vectors (e.g., baculovirus) containing coding sequences; plant cell systems infected
with recombinant virus expression vectors (e.g., cauliflower mosaic virus, CaMV'; tobacco mosaic
virus, TMV) or transformed with recombinant plasmid expression vectors (e.g., Ti plasmid)
containing coding sequences; or mammalian cell systems (e.g., COS, CHO, BHK, 293, 3T3 cells)
harboring recombinant expression constructs containing promoters derived from the genome of
mammalian cells (e.g., metallothionein promoter) or from mammalian viruses (e.g., the adenovirus
late promoter; the vaccinia virus 7.5K promoter). Preferably, bacterial cells such as Escherichia
coli, and more preferably, eukaryotic cells, are used for the expression of either the SARS-CoV-2
peptidogenic protein and/or Spike fragment or a recombinant antibody molecule. For example,

mammalian cells such as Chinese hamster ovary cells (CHO), in conjunction with a vector such as
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the major intermediate early gene promoter element from human cytomegalovirus is an effective
expression system (Foecking et al., Gene 45:101 (1986); Cockett et al., Bio/Technology 8:2
(1990)).

[00107] In bacterial systems, a number of expression vectors may be advantageously selected
depending upon the intended use. For example, when a large quantity of a protein (whether a
SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody raised against the SARS-
CoV-2 peptidogenic protein and/or Spike fragment) is to be produced, vectors which direct the
expression of high levels of fusion protein products that are readily purified may be desirable. Such
vectors include, but are not limited to, the E. coli expression vector pUR278 (Ruther et al., EMBO
1. 2:1791 (1983)), in which the coding sequence may be ligated individually into the vector in
frame with the lac Z coding region so that a fusion protein is produced; pIN vectors (Inouye &
Inouye, Nucleic Acids Res. 13:3101-3109 (1985); Van Heeke & Schuster, J. Biol. Chem. 24:5503-
5509 (1989)) and the like. pGEX vectors may also be used to express foreign polypeptides as
fusion proteins with glutathione S-transferase (GST). In general, such fusion proteins are soluble
and can easily be purified from lysed cells by adsorption and binding to matrix glutathione agarose
beads followed by elution in the presence of free glutathione. The pGEX vectors are designed to
include thrombin or Factor Xa protease cleavage sites so that the cloned target gene product can
be released from the GST moiety.

[00108] In an insect system, Autographa califomica nuclear polyhedrosis virus (AcNPV) may be
used as a vector to express a SARS-CoV-2 peptidogenic protein and/or Spike fragment or an
antibody raised against the SARS-CoV-2 peptidogenic protein and/or Spike fragment. The virus
grows in Spodoptera frugiperda cells. Coding sequences may be cloned individually into non-
essential regions (for example, the polyhedrin gene) of the virus and placed under control of an
AcNPV promoter (for example, the polyhedrin promoter).

[00109] In mammalian host cells, a number of viral-based expression systems may be utilized. In
cases where an adenovirus is used as an expression vector, the coding sequence of interest may be
ligated to an adenovirus transcription/translation control complex, e.g., the late promoter and
tripartite leader sequence. This chimeric gene may then be inserted in the adenovirus genome by
in vitro or in vivo recombination.

[00110] Insertion in a non-essential region of the viral genome (e.g., region El or E3) will result
in a recombinant virus that is viable and capable of expressing the SARS-CoV-2 peptidogenic
protein and/or Spike fragment or an antibody raised against the SARS-CoV-2 peptidogenic protein
and/or Spike fragment in infected hosts (e.g., see Logan & Shenk, Proc. Natl. Acad. Sci. USA 8
1:355-359 (1984)).
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[00111] Specific initiation signals may also be required for efficient translation of inserted coding
sequences. These signals include the ATG initiation codon and adjacent sequences. Furthermore,
the initiation codon must be in phase with the reading frame of the desired coding sequence to
ensure translation of the entire insert. These exogenous translational control signals and initiation
codons can be of a variety of origins, both natural and synthetic. The efficiency of expression may
be enhanced by the inclusion of appropriate transcription enhancer elements, transcription
terminators, etc. (see, e.g., Bittner et al., Methods in Enzymol. 153:51-544 (1987)).

[00112] In addition, a host cell strain may be chosen which modulates the expression of the
inserted sequences, or modifies and processes the gene product in the specific fashion desired.
Such modifications (e.g., glycosylation) and processing (e.g., cleavage) of protein products may
be important for the function of the protein. Different host cells have characteristic and specific
mechanisms for the post-translational processing and modification of proteins and gene products.
Appropriate cell lines or host systems can be chosen to ensure the correct modification and
processing of the foreign protein expressed, to this end, eukaryotic host cells which possess the
cellular machinery for proper processing of the primary transcript, glycosylation, and
phosphorylation of the gene product may be used. Such mammalian host cells include, but are not
limited to, CHO, VERY, BHK, Hela, COS, NSO, MDCK, 293, 3T3, W138, and in particular,
breast cancer cell lines such as, for example, BT483, Hs578T, HTB2, BT20 and T47D, and normal
mammary gland cell line such as, for example, CRL7030 and HsS78Bst.

[00113] For long-term, high-yield production of recombinant proteins, stable expression is
preferred. For example, cell lines which stably express the SARS-CoV-2 peptidogenic protein
and/or Spike fragment or an antibody raised against the SARS-CoV-2 peptidogenic protein and/or
Spike fragment may be engineered. Rather than using expression vectors which contain viral
origins of replication, host cells can be transformed with a polynucleotide controlled by appropriate
expression control elements (e.g., promoter, enhancer, sequences, transcription terminators,
polyadenylation sites, etc.), and a selectable marker. Following the introduction of the foreign
polynucleotide, engineered cells may be allowed to grow for 1-2 days in an enriched media, and
then are switched to a selective media. The selectable marker in the recombinant plasmid confers
resistance to the selection and allows cells to stably integrate the plasmid into their chromosomes
and grow to form foci which in turn can be cloned and expanded into cell lines. This method may
advantageously be used to engineer cell lines which express the SARS-CoV-2 peptidogenic protein
and/or Spike fragment or an antibody raised against the SARS-CoV-2 peptidogenic protein and/or
Spike fragment.
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[00114] A number of selection systems may be used, including but not limited to, the herpes
simplex virus thymidine kinase (Wigler et al., Cell 11:223 (1977)). hypoxanthineguanine
phosphoribosyltransferase (Szybalska & Szybalski, Proc. Natl. Acad. Sci. USA 48:202 (1992)),
and adenine phosphoribosyltransferase (Lowy et al., Cell 22:8 17 (1980)) genes can be employed
in tk-, hgprt- or aprt- cells, respectively. Also, antimetabolite resistance can be used as the basis of
selection for the following genes: dhfr, which confers resistance to methotrexate (Wigler et al.,
Natl. Acad. Sci. USA 77:357 (1980); O'Hare et al., Proc. Natl. Acad. Sci. USA 78:1527 (1981));
gpt, which confers resistance to mycophenolic acid (Mulligan & Berg, Proc. Natl. Acad. Sci. USA
78:2072 (1981)); neo, which confers resistance to the aminoglycoside G-418 (Goldspiel et al.,
Clinical Pharmacy, 12: 488-505 (1993); Wu and Wu, Biotherapy 3:87-95 (1991); Tolstoshev, Ann.
Rev. Pharmacol. Toxicol. 32:573-596 (1993); Mulligan, Science 260:926-932 (1993); and Morgan
and Anderson, Ann. Rev. Biochem. 62: 191-217 (1993); TIB TECH 11(5):155-2 15 (May; 1993));
and hygro, which confers resistance to hygromycin (Santerre et al., Gene 30:147 (1984)). Methods
commonly known in the art of recombinant DNA technology may be routinely applied to select
the desired recombinant clone, and such methods are described, for example; in Ausubel et al.
(eds.), Current Protocols in Molecular Biology, John Wiley & Sons, NY (1993); Kriegler, Gene
Transfer and Expression, A Laboratory Manual, Stockton Press, NY (1990); and in Chapters 12
and 13, Dracopoli et al. (eds), Current Protocols in Human Genetics, John Wiley & Sons, NY
(1994); Colberre-Garapin et al., J. Mol. Biol. 150:1 (1981).

[00115] The expression levels of a SARS-CoV-2 peptidogenic protein and/or Spike fragment or
an antibody raised against the SARS-CoV-2 peptidogenic protein and/or Spike fragment can be
increased by vector amplification (for a review, see Bebbington and Hentschel, The use of vectors
based on gene amplification for the expression of cloned genes in mammalian cells in DNA
cloning, Vol 3. (Academic Press, New York, 1987)). When a marker in the vector system
expressing a SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody raised
against the SARS-CoV-2 peptidogenic protein and/or Spike fragment is amplifiable, an increase
in the level of inhibitor present in the host cell culture will increase the number of copies of the
marker gene. Since the amplified region is associated with the coding sequence, production of the
SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody raised against the SARS-
CoV-2 peptidogenic protein and/or Spike fragment will also increase (Crouse et al., Mol. Cell.
Biol. 3:257 (1983)).

[00116] Other elements that can be included in vector sequences include heterologous signal
peptides (secretion signals), membrane anchoring sequences, introns, alternative splice sites,
translation start and stop signals, inteins, biotinylation sites and other sites promoting post-

translational modifications, purification tags, sequences encoding fusions to other proteins or
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peptides, separate coding regions separated by internal ribosome reentry sites, sequences encoding
“marker” proteins that, for example, confer selectability (e.g., antibiotic resistance) or sortability
(e.g., fluorescence), modified nucleotides, and other known polynucleotide cis-acting features not
limited to these examples.

[00117] In the case of antibodies, the host cell may be co-transfected with two expression vectors
of the invention, the first vector encoding a heavy chain derived polypeptide and the second vector
encoding a light chain derived polypeptide. The two vectors may contain identical selectable
markers which enable equal expression of heavy and light chain polypeptides. Alternatively, a
single vector may be used which encodes, and is capable of expressing, both heavy and light chain
polypeptides. In such situations, the light chain is preferably placed before the heavy chain to avoid
an excess of toxic free heavy chain (Proudfoot, Nature 322:52 (1986), Kohler, Proc. Natl. Acad.
Sci. USA 77:2 197 (1980)). The coding sequences for the heavy and light chains may comprise
c¢DNA or genomic DNA or synthetic DNA sequences.

[00118] For example, recombinant expression of an antibody raised using the SARS-CoV-2
peptidogenic protein and/or Spike fragment (including scFvs and other molecules comprising, or
alternatively consisting of, antibody fragments or variants thereof (e.g., a heavy or light chain of
an antibody of the invention or a portion thereof or a single chain antibody of the invention)),
requires construction of an expression vector(s) containing a polynucleotide that encodes the
antibody or fragment or variant thereof. Once a polynucleotide encoding an antibody molecule
(e.g., a whole antibody, a heavy or light chain of an antibody, or variant or portion thereof
(preferably, but not necessarily, containing the heavy or light chain variable domain)), of the
invention has been obtained, the vector(s) for the production of the antibody molecule may be
produced by recombinant DNA technology using techniques well known in the art. Thus, methods
for preparing an antibody by expressing a polynucleotide containing an antibody encoding
nucleotide sequence are described herein.

[00119] Once a SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody raised
against the SARS-CoV-2 peptidogenic protein and/or Spike fragment has been produced by
recombinant expression, it may be purified by any method known in the art for purification of a
protein, for example, by chromatography (e.g., ion exchange, affinity (particularly by Protein A
affinity and immunoaffinity for the specific antigen), and sizing column chromatography),
centrifugation, differential solubility, or by any other standard technique for the purification of
proteins. Further, a SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody
raised against the SARS-CoV-2 peptidogenic protein and/or Spike fragment may be fused to
heterologous polypeptide sequences described herein or otherwise known in the art to facilitate

purification.
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[00120] In one example, the SARS-CoV-2 peptidogenic protein and/or Spike fragment or the
antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment described herein
may be fused with the constant domain of immunoglobulins (IgA, IgE, IgG, IgM), or portions
thereof (CH1, CH2, CH3, or any combination thereof and portions thereof), or albumin (including
but not limited to recombinant human albumin or fragments or variants thereof (see, e.g., U.S.
Patent No. 5,876,969, issued March 2,1999, EP Patent 0 413 622, and U.S. Patent No. 5,766,883,
issued June 16,1998), resulting in chimeric polypeptides. Such fusion proteins may facilitate
purification and may increase half-life in vivo. This has been shown for chimeric proteins
consisting of the first two domains of the human CD4-polypeptide and various domains of the
constant regions of the heavy or light chains of mammalian immunoglobulins. See, e.g., EP
394,827; Traunecker et al., Nature, 331:84-86 (1988). Enhanced delivery of an antigen across the
epithelial barrier to the immune system has been demonstrated for antigens (e.g., insulin)
conjugated to an FcRn binding partner such as IgG or Fe fragments (see, e.g., PCT Publications
WO 96/22024 and WO 99/04813). 1gG Fusion proteins that have a disulfide-linked dimeric
structure due to the IgG portion disulfide bonds have also been found to be more efficient in
binding and neutralizing other molecules than monomeric polypeptides or fragments thereof alone.
See, e.g., Fountoulakis et al., J. Biochem., 270:3958-3964 (1995). Nucleic acids encoding the
SARS-CoV-2 peptidogenic protein and/or Spike fragment or antibodies described herein can also
be recombined with a gene of interest as an epitope tag (e.g., the hemagglutinin ("HA") tag or flag
tag) to aid in detection and purification of the expressed polypeptide. For example, a system
described by Janknecht et al. allows for the ready purification of non-denatured fusion proteins
expressed in human cell lines (Janknecht et al., 1991, Proc. Natl. Acad. Sci. USA 88:8972- 897).
In this system, the gene of interest is subcloned into a vaccinia recombination plasmid such that
the open reading frame of the gene is translationally fused to an amino-terminal tag consisting of
six histidine residues. The tag serves as a matrix-binding domain for the fusion protein. Extracts
from cells infected with the recombinant vaccinia virus are loaded onto Ni2+ nitriloacetic acid-
agarose column and histidine-tagged proteins can be selectively eluted with imidazole-containing

buffers.

Formulations

[00121] A pharmaceutical composition may comprise the SARS-CoV-2 peptidogenic proteins
and/or Spike fragment described herein, polynucleotides encoding the SARS-CoV-2 peptidogenic
proteins and/or Spike fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein

and/or Spike fragment along with one or more pharmaceutically acceptable carriers, adjuvants,

68



WO 2022/051549 PCT/US2021/048932

excipients, diluents, fillers, buffers, stabilizers, preservatives, lubricants, or other materials well
known to those skilled in the art. Suitable materials will be sterile and pyrogen-free, with a suitable
isotonicity and stability. Examples include sterile saline (e.g. 0.9% NaCl), water, dextrose,
glycerol, ethanol or the like or combinations thereof. ~Such materials should be non-toxic and
should not interfere with the efficacy of the active compound. The precise nature of the carrier or
other material will depend on the route of administration, which may be by bolus, infusion,
injection or any other suitable route, as discussed below. The composition may further contain
auxiliary substances such as wetting agents, emulsifying agents, pH buffering agents or the like.
Suitable carriers, excipients, etc. can be found in standard pharmaceutical texts, for example,
Remington’s Pharmaceutical Sciences, 18th edition, Mack Publishing Company, Easton, Pa.,
1990.

[00122] The term “pharmaceutically acceptable™ as used herein pertains to compounds, materials,
compositions, and/or dosage forms which are, within the scope of sound medical judgment,
suitable for use in contact with the tissues of a subject (e.g., human) without excessive toxicity,
irritation, allergic response, or other problem or complication, commensurate with a reasonable
benefit/risk ratio. Each carrier, excipient, etc. must also be “acceptable” in the sense of being
compatible with the other ingredients of the formulation.

[00123] In some embodiments, the SARS-CoV-2 peptidogenic proteins and/or Spike fragment,
the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, or
an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment may be
provided in a lyophilized form for reconstitution prior to administration. For example, Iyophilized
reagents may be re-constituted in sterile water and mixed with saline prior to administration to a
subject.

[00124] Additionally, “cocktails™ of the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment
are specifically contemplated. For example, a mixture of different SARS-CoV-2 peptidogenic
proteins and/or Spike fragment or polynucleotides encoding different SARS-CoV-2 peptidogenic
proteins and/or Spike fragment derived from the same SARS-CoV-2 starting protein can be used
to mount an immune response. Alternatively, a mixture of different SARS-CoV-2 peptidogenic
proteins and/or Spike fragment or polynucleotides encoding different SARS-CoV-2 peptidogenic
proteins and/or Spike fragment derived from different starting materials may also be used to mount
an immune response. And finally, a single peptidogenic protein and/or Spike fragment and/or the

polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, or an
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antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment can be

administered.

[00125] The formulations may conveniently be presented in unit dosage form and may be
prepared by any methods well known in the art of pharmacy. Such methods include the step of
bringing into association the active compound with the carrier which constitutes one or more
accessory ingredients. In general, the formulations are prepared by uniformly and intimately
bringing into association the active compound with liquid carriers or finely divided solid carriers
or both, and then if necessary shaping the product.

[00126] Formulations may be in the form of liquids, solutions, suspensions, emulsions, elixirs,
syrups, tablets, lozenges, granules, powders, capsules, cachets, pills, ampoules, suppositories,
pessaries, ointments, gels, pastes, creams, sprays, mists, foams, lotions, oils, boluses, electuaries,
or aerosols.

[00127] Optionally, other therapeutic or prophylactic agents may be included in a pharmaceutical
composition or formulation.

[00128] Treatment may be any treatment and therapy, whether of a human or an animal (e.g. in
veterinary applications), in which some desired therapeutic effect is achieved, for example, the
inhibition or delay of the progress of the condition, and includes a reduction in the rate of progress,
a halt in the rate of progress, amelioration of the condition, cure or remission (whether partial or
total) of the condition, preventing, delaying, abating or arresting one or more symptoms and/or
signs of the condition or prolonging survival of a subject or patient beyond that expected in the
absence of treatment.

[00129] Treatment as a prophylactic measure (i.e. prophylaxis) is also included. For example, a
subject susceptible to or at risk of the occurrence or re-occurrence of the disease may be treated as
described herein. Such treatment may prevent or delay the occurrence or re-occurrence of the
disease in the subject.

[00130] The term “therapeutically-effective amount" as used herein, pertains to that amount of the
SARS-CoV-2 peptidogenic protein and/or Spike fragment or an antibody raised to the SARS-CoV-
2 peptidogenic protein and/or Spike fragment, which is effective for producing some desired
therapeutic effect, commensurate with a reasonable benefit/risk ratio.

[00131] It will be appreciated that appropriate dosages of the SARS-CoV-2 peptidogenic protein
and/or Spike fragment or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike
fragment can vary from patient to patient. Determining the optimal dosage will generally involve
the balancing of the level of therapeutic benefit against any risk or deleterious side effects of the

administration. The selected dosage level will depend on a variety of factors including, but not
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limited to, the route of administration, the time of administration, the rate of excretion of the active
compound, other drugs, compounds, and/or materials used in combination, and the age, sex,
weight, condition, general health, and prior medical history of the patient. The amount of
peptidogenic protein and/or Spike fragment, polynucleotide encoding the SARS-CoV-2
peptidogenic protein and/or Spike fragment, or an antibody raised to the SARS-CoV-2
peptidogenic protein and/or Spike fragment, and route of administration will ultimately be at the
discretion of the physician, although generally the dosage will be to achieve concentrations of the
active compound at a site of therapy without causing substantial harmful or deleterious side-
effects.

[00132] In general, a suitable dose of the SARS-CoV-2 peptidogenic protein and/or Spike
fragment is in the range of about 1 to 100ug. In preferred embodiments, these proteins, or
polynucleotides encoding these proteins, are administered on an immunization schedule of a
primary inoculation, followed by a secondary dose given preferably three to four weeks later. If
required, a tertiary dose can be administered after another three to four weeks. Booster schedules
may also need to be implemented, with shots given on a determined yearly schedule.

[00133] Alternatively, the amount of administration of an antibody raised to the SARS-CoV-2
peptidogenic protein and/or Spike fragment should be calculated relative to a persons” weight, and
is preferably ranging between 500-1500mg per 40kg body mass.

[00134] Admuinistration in vivo can be effected in one dose, continuously or intermittently (e.g.,
in divided doses at appropriate intervals). Methods of determining the most effective means and
dosage of administration are well known to those of skill in the art and will vary with the
formulation used for therapy, the purpose of the therapy, the target cell being treated, and the
subject being treated. Single or multiple administrations can be carried out with the dose level and
pattern being selected by the physician.

[00135] By “simultaneous” administration, it 15 meant that the SARS-CoV-2 peptidogenic
proteins and/or Spike fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic
proteins and/or Spike fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein
and/or Spike fragment are administered to the subject in a single dose by the same route of
administration.

[00136] By “separate” administration, it is meant that the SARS-CoV-2 peptidogenic proteins
and/or Spike fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins
and/or Spike fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or
Spike fragment are administered to the subject by two different routes of administration which

occur at the same time. This may occur for example where one agent is administered by infusion
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or parenterally and the other is given orally during the course of the infusion or parenteral
administration.

[00137] By “sequential” it is meant that the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment
are administered at different points in time, provided that the activity of the first administered agent
1s present and ongoing in the subject at the time the second agent 1s administered. Preferably, a
sequential dose will occur such that the second of the two agents is administered within 48 hours,
preferably within 24 hours, such as within 12, 6, 4, 2 or 1 hour(s) of the first agent.

[00138] Multiple doses of the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, the
polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, and/or
an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment, may be
administered. For example 2, 3, 4, 5 or more than 5 doses may be administered after administration
of the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, the polynucleotides encoding
the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, and/or an antibody raised to the
SARS-CoV-2 peptidogenic protein and/or Spike fragment. The administration of the SARS-CoV-
2 peptidogenic proteins and/or Spike fragment, the polynucleotides encoding the SARS-CoV-2
peptidogenic proteins and/or Spike fragment, and/or an antibody raised to the SARS-CoV-2
peptidogenic protein and/or Spike fragment may continue for sustained periods of time after initial
administration. For example treatment with the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment
may be continued for at least 1 week, at least 2 weeks, at least 3 weeks, at least 1 month or at least
2 months. Treatment with the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, the
polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, or an
antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment may be continued
for as long as is necessary to achieve a therapeutic response.

[00139] The SARS-CoV-2 peptidogenic proteins and/or Spike fragment, the polynucleotides
encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, or an antibody raised to
the SARS-CoV-2 peptidogenic protein and/or Spike fragment and compositions comprising these
molecules may be administered to a subject by any convenient route of administration, whether
systemically/peripherally or at the site of desired action, including but not limited to, oral (e.g. by
ingestion); and parenteral, for example, by injection, including subcutaneous, intradermal,
intramuscular, intravenous, intraarterial, intracardiac, intrathecal, intraspinal, intracapsular,

subcapsular, intraorbital, intraperitoneal, intratracheal, subcuticular, intraarticular, subarachnoid,
72



WO 2022/051549 PCT/US2021/048932

and intrasternal; by implant of a depot, for example, subcutaneously or intramuscularly. Usually
administration will be by the intravenous route, although other routes such as intraperitoneal,
subcutaneous, transdermal, oral, nasal, intramuscular or other convenient routes are not excluded.
[00140] The pharmaceutical compositions comprising the SARS-CoV-2 peptidogenic protein
and/or Spike fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins
and/or Spike fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or
Spike fragment may be formulated in suitable dosage unit formulations appropriate for the
intended route of administration.

[00141] Formulations suitable for oral administration (e.g. by ingestion) may be presented as
discrete units such as capsules, cachets or tablets, each containing a predetermined amount of the
active compound; as a powder or granules; as a solution or suspension in an aqueous Or non-
aqueous liquid; or as an oil-in-water liquid emulsion or a water-in-oil liquid emulsion; as a bolus;
as an electuary; or as a paste.

[00142] A tablet may be made by conventional means, e.g., compression or molding, optionally
with one or more accessory ingredients. Compressed tablets may be prepared by compressing in
a suitable machine the active compound in a free-flowing form such as a powder or granules,
optionally mixed with one or more binders (e.g. povidone, gelatin, acacia, sorbitol, tragacanth,
hydroxypropylmethyl cellulose); fillers or diluents (e.g. lactose, microcrystalline cellulose,
calcium hydrogen phosphate); lubricants (e.g. magnesium stearate, talc, silica); disintegrants (e.g.
sodium starch glycolate, cross-linked povidone, cross-linked sodium carboxymethyl cellulose);
surface-active or dispersing or wetting agents (e.g. sodium lauryl sulfate); and preservatives (e.g.
methyl p-hydroxybenzoate, propyl p-hydroxybenzoate, sorbic acid). Molded tablets may be made
by molding in a suitable machine a mixture of the powdered compound moistened with an inert
liquid diluent. The tablets may optionally be coated or scored and may be formulated so as to
provide slow or controlled release of the active compound therein using, for example,
hydroxypropylmethyl cellulose in varying proportions to provide the desired release profile.
Tablets may optionally be provided with an enteric coating, to provide release in parts of the gut
other than the stomach.

[00143] Formulations suitable for parenteral administration (e.g. by injection, including
cutaneous, subcutaneous, intramuscular, intravenous and intradermal), include aqueous and non-
aqueous isotonic, pyrogen-free, sterile injection solutions which may contain anti-oxidants,
buffers, preservatives, stabilizers, bacteriostats, and solutes which render the formulation isotonic
with the blood of the intended recipient; and aqueous and non-aqueous sterile suspensions which

may include suspending agents and thickening agents, and liposomes or other microparticulate
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systems which are designed to target the compound to blood components or one or more organs.
Examples of suitable isotonic vehicles for use in such formulations include Sodium Chloride
Injection, Ringer’s Solution, or Lactated Ringer’s Injection. Typically, the concentration of the
active compound in the solution is from about 1 ng/ml to about 10 pg/ml, for example from about
10 ng/ml to about 1 pug/ml, from about 1 pg/ml to about 10 mg/ml, from about 10 ug/ml to about
1 mg/ml, from about 1 mg/ml to about 20 mg/ml, from about 10 mg/ml to about 120 mg/ml, or
any other concentration suitable for administration of biological drugs (e.g., proteins, antibodies,
etc.). The formulations may be presented in unit-dose or multi-dose sealed containers, for
example, ampoules and vials, and may be stored in a freeze-dried (lyophilized) condition requiring
only the addition of the sterile liquid carrier, for example water for injections, immediately prior
to use. Extemporaneous injection solutions and suspensions may be prepared from sterile
powders, granules, and tablets. Formulations may be in the form of liposomes or other
microparticulate systems which are designed to target the active compound to blood components
OT one Or more organs.

[00144] Compositions comprising the SARS-CoV-2 peptidogenic proteins and/or Spike fragment,
the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment,
and/or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment, may
be prepared in the form of a concentrate for subsequent dilution, or may be in the form of divided
doses ready for administration. Alternatively, the reagents may be provided separately within a
kit, for mixing prior to administration to a human or animal subject.

[00145] The SARS-CoV-2 peptidogenic proteins and/or Spike fragment, the polynucleotides
encoding the SARS-CoV-2 peptidogenic proteins and/or Spike fragment, and/or an antibody raised
to the SARS-CoV-2 peptidogenic protein and/or Spike fragment may be administered alone or in
combination with other treatments, either simultaneously or sequentially dependent upon the
individual circumstances. For example, SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, the polynucleotides encoding the SARS-CoV-2 peptidogenic proteins and/or Spike
fragment, or an antibody raised to the SARS-CoV-2 peptidogenic protein and/or Spike fragment
as described herein may be administered in combination with one or more additional active
compounds.

[00146] Various further aspects and embodiments of the present invention will be apparent to
those skilled in the art in view of the present disclosure.

[00147] It is to be understood that the application discloses all combinations of any of the above

aspects and embodiments described above with each other, unless the context demands otherwise.
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Similarly, the application discloses all combinations of the preferred and/or optional features either
singly or together with any of the other aspects, unless the context demands otherwise.

[00148] Modifications of the above embodiments, further embodiments and modifications thereof
will be apparent to the skilled person on reading this disclosure, and as such these are within the
scope of the present invention. All documents and sequence database entries mentioned in this
specification are incorporated herein by reference in their entirety for all purposes. The invention

is further described below, with reference to the following examples.

Examples

Example 1: Generating Peptidogenic Antigens

[00149] To generate SARS-CoV-2 peptidogenic proteins, a SARS-CoV-2 starting protein can be
modified at its core residues (e.g., one or more mutations) to alter its conformational dynamics.
Multiple different SARS-CoV-2 peptidogenic proteins can be designed and expressed to immunize
animals, such as rabbits, to generate a polyclonal antibody response.  Alternatively,
polynucleotides encoding the SARS-CoV-2 peptidogenic proteins can be directly administered to
the animals to generate the SARS-CoV-2 peptidogenic proteins in vivo. The response will be
monitored by two complementary and mutually reinforcing methods (Georgiou et al, 2014; Figure
2): (a) purifying B cells from the blood, spleen, and bone marrow of immunized animals, isolating
c¢DNA from mRNA encoding the variable regions of the heavy and light chains, and analyzing this
repertoire via deep DNA sequencing; and (b) immunoaffinity purifying from immune sera
polyclonal Fab or (Fab’)2 fragments using antigen attached to a solid support, digesting the eluted
Fab/(Fab’)2s with proteases, and sequencing the resultant peptides using LC/MS/MS.

[00150] Specifically, challenging test animals (rabbits) with a variety of SARS-CoV-2
peptidogenic proteins (or polynucleotides encoding the SARS-CoV-2 peptidogenic proteins)
where the conformation 1s similar to the SARS-CoV-2 starting protein, but the conformational
dynamics of the SARS-CoV-2 peptidogenic protein is varied, can be performed. Using next-
generation DNA sequencing technology, the humoral response in the animal can be
comprehensively characterized. Immunoglobulin V-regions from B lymphocytes can be cloned
and subjected to massively parallel deep sequencing (5-8). In conjunction with this, polyclonal
antibodies from the same test animal can be purified by immunoaffinity chromatography, then
protease-digested and subjected to LC-MS/MS to determine the peptide sequences (9, 10).
Comparisons of these two datasets illuminate the repertoire of individual antibodies comprising

the polyclonal response (9).
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[00151] For example, small mammalian proteins that have been extremely well-characterized
biophysically can be used as test antigens. Preferred examples, include, but are not limited to
bovine pancreatic trypsin inhibitor and/or Alzheimer’s amyloid precursor protein Kunitz domain.
Alternatively, antigens relevant to unmet vaccine needs, such as for example, P. falciparum
sporozoite antigens can also be generated and tested in this method. Additionally, optimization
(or re-optimization) of synthetic vaccines with respect to conformational dynamics of the
component proteins (perhaps replacing a single component with a combinatory cocktail of several
versions of the same antigen with different core destabilizing mutations) can also be generated.
Testing these new vaccines in clinical trials could involve monitoring of the vaccinated individuals
using similar DNA sequence analyses of blood-derived B-cell V-region repertoires and proteomic
characterization of immunoaffinity-purified polyclonal antibody peptides, similar to the
procedures described above.

[00152] Other preferred examples of antigens that can be used according to embodiments of the
invention described herein, include, but are not limited to antigens or antigens derived from, severe
acute respiratorv syndrome coronavirus (SARS-CoV-2), preferably those antigens described in

Table 2, as well as antigens from related viruses that infect apes, monkeys, birds, pigs, camels, and
other animals.

[00153] In preferred embodiments, any one of the protein antigens listed in the Table 2 can be
used as a SARS-CoV-2 starting protein to derive the SARS-CoV-2 peptidogenic protein.

Additionally, multiple antigens listed in Table 2 can be used as the SARS-CoV-2 starting proteins
to derive multiple different SARS-CoV-2 peptidogenic proteins to be used as a vaccine, generate
an immune response, including the raising of antibodies.

[00154] Moreover, combinations of different protein antigens can be used as SARS-CoV-2
starting proteins.
[00155] To alter the conformational dynamics of a SARS-CoV-2 starting protein, the following

changes in Gibbs Free Energy, shown in Table 3 below, can be considered:

Table 3
Amino Acid Substitution Average Gibbs Free Energy difference between
(multiple positions in various mutant and wild type at core residues within a protein
proteins) AAG (kJ/mol)
Val -> Ala -12.1(#3.3)
Val -> Thr -11.3(#3.7)
Val -> Asn -21.5(x1.0)
Leu -> Ala -14.2(+4.2)
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[00156] As discussed in Loladze et al (J. Mol. Biol. 320, 343-357 (2002)), the following amino
acid substitutions can decrease the thermodynamic stability (e.g., reflected in the Gibbs free
energy) and alter the conformational dynamics of a SARS-CoV-2 starting protein. For example,
Val and Leu (and other larger non-polar amino acid residues) can be substituted with smaller ones
such as Ala, Thr, Asn, and/or Gly. In addition, the buried site of Glu in the SARS-CoV-2 starting
protein, can be substituted with Leu, Val, Asn, Thr, Ser, Ala, and/or Gly. These single site amino
acid substitutions are expected to generate SARS-CoV-2 peptidogenic proteins with lower stability
but a similar conformation to the SARS-CoV-2 starting protein.

[00157] Alternatively, the conformational dynamics of the SARS-CoV-2 starting protein is altered
by replacing (a) at least one threonine with a valine, alanine, glycine or serine; or (b) at least one
cysteine with alanine, valine, glycine, serine or threonine; or (c) at least one valine with alanine,
glycine, leucine or isoleucine; or (d) at least one leucine with alanine, valine, glycine, or isoleucine;
or (e) at least one isoleucine with alanine, valine, leucine, or glycine; or (f) at least one proline,
methionine, phenylalanine, tyrosine, or tryptophan with alanine, valine, leucine, isoleucine, or
glycine; or (g) at least one aspartic acid or asparagine with glycine, serine, threonine, alanine,
valine, leucine, isoleucine; or (h) at least one glutamic acid or glutamine with aspartic acid,
asparagine, glycine, serine, threonine, alanine, valine, leucine, or isoleucine; or (i) at least one
lysine with arginine, histidine, glycine, serine, threonine, alanine, valine, methionine, leucine, or
isoleucine; or (j) at least one arginine with lysine, histidine, glycine, serine, threonine, alanine,
valine, methionine, leucine, or isoleucine; or (k) at least one histidine with lysine, arginine, glycine,
serine, threonine, alanine, valine, glutamine, asparagine, leucine, or isoleucine; or (1) at least one
alanine with a glycine; or (m) at least one residue with a non-natural amino acid; and/or (n) any of
the above combinations.

[00158] In still further preferred embodiments, the conformational dynamics of the SARS-CoV-
2 starting protein is altered by replacing: (a) at least one tryptophan with tyrosine, phenylalanine,
methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or (b) at least one tyrosine
with phenylalanine, methionine, histidine, isoleucine, leucine, valine, alanine or glycine; or (¢) at
least one phenylalanine with tyrosine, methionine, histidine, isoleucine, leucine, valine, alanine or
glycine; or (d) at least one proline with methionine, leucine, isoleucine, valine, alanine, or glycine;
or (e) at least one histidine with phenylalanine, tyrosine, methionine, isoleucine, leucine, valine,
alanine, glycine, lysine, arginine, serine, threonine, asparagine, or glutamine; or (f) at least one
methionine with isoleucine, leucine, valine, alanine or glycine; or (g) at least one isoleucine with
leucine, valine, alanine or glycine; or (h) at least one leucine with isoleucine, valine, alanine or
glycine; or (1) at least one valine with alanine, glycine, leucine, or isoleucine; or (j) at least one

cysteine with alanine, valine, glycine, serine or threonine; or (k) at least one aspartic acid with
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glutamic acid, glutamine, asparagine, glycine, serine, threonine, alanine, valine, leucine, or
isoleucine; or (1) at least one glutamic acid with aspartic acid, glutamine, asparagine, glycine,
serine, threonine, alanine, valine, leucine, or isoleucine; or (m) at least one alanine with a glycine
or proline; or (n) at least one serine with alanine or glycine; or (0) at least one glycine with alanine
or proline; or (p) at least one lysine with arginine, histidine, glycine, serine, threonine, alanine,
valine, methionine, leucine or isoleucine; or (q) at least one asparagine with glycine, alanine,
serine, threonine, valine, leucine, 1soleucine, glutamine, aspartic acid or glutamic acid; or (r) at
least one glutamine with glycine, alanine, serine, threonine, valine, leucine, isoleucine, glutamine,
aspartic acid, glutamic acid, or histidine; or (s) at least one arginine with lysine, histidine, glycine,
serine, threonine, alanine valine, methionine, leucine, or isoleucine; or (t) at least one threonine
with valine, alanine, glycine or serine; or (u) a hydrophobic residue with a smaller, similar
hydrophobic residue; or (v) at least one residue with a non-natural amino acid; or (w) any of the
above combinations. A combinatorial approach may be used to determine optimal substitutions to

increase immunogenicity.

Example 2: Preferred Spike Protein Vaccine.

[00159] In preferred embodiments, it was identified that a specific fragment of the Spike protein
provided unexpectedly improved vaccination results when compared to published efficacy results
for other COVID-19 vaccines, even in those cases when the other vaccines comprise different
regions of the RBD domain. Additionally, as shown in Figures 1 and 2, even better results were
obtained when a mixture of the Spike fragment was combined with mutations as described herein.
Specifically, the fragment comprising, or consisting of, amino acids 316-594 of SEQ ID NO:15
provided unexpectedly and substantially improved results. This fragment is found within the Spike
Protein and includes the RBD domain (Lan et al., Nature 581:215-220 (2020); Hurlburt et al., Nat.
Commun. 11:5413 (2020)) which is responsible for binding of SARS-CoV-2 to its cell entry
receptor ACE2. The RBD has been found to be the most immunogenic region of the Spike protein
of SARS-CoV and MERS-CoV (Du et al., Nat. Rev. MicroBiol. 7:226-236 (2009) and inclusion
of the RBD in a vaccine can elicit an immune response targeting the RBD of the virus to prevent
or neutralize viral entry into host cells (Du et al., Nat. Commun. 7:13473 (2016). In addition, it
has been recognised that while the RBD is less conserved than non-RBD regions of the Spike
protein, identical amino acids between SARS-CoV-2 and SARS are found, and offer the potential
to elicit antibodies targeting conserved epitopes in the RBD that may provide cross-reactivity

against different coronaviruses including SARS-CoV-2 mutants (Du et al., supra).
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[00160] The specific Spike fragment as disclosed herein was identified as having unexpectedly
better activity than other vaccines utilizing the RBD. The Spike fragment for SARS-CoV-2 is

shown as encompassing the following fragment:

>sp | PODTCZ|amino acids 316-594 of SEQ ID NO:15
SNEFRVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRI SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCET
NVYADSEVIRGDEVRQIAPGQTGKIADYNYKLPDDETGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTE
IYQAGSTPCNGVEGENCYFPLOSYGFOPTNGVGYQPYRVVVLS FELLHAPATVCGPKKSTNLVKNKCVNENENGLT GT
GVLTESNKKFLPFQOFGRDIADTTDAVRDPOQTLEILDITPCSFGG (SEQ ID NO:39)

[00161] Additionally, this same fragment can be engineered with specific mutations. Three

preferred mutations that showed even better activity include Y365L, 1402V, and V511A.

SARS-CoV-2 Y365L Spike fragment

SNFRVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRI SNCVADLSVLYNSASFSTFKCYGVSPTKLNDLCFT
NVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTE
IYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS FELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGT
GVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSEGG (SEQ ID NO:40)

SARS-CoV-2 1402V Spike fragment

SNFRVQPTESTVRFPNITNLCPFGEVENATREASVYAWNRKRI SNCVADYSVLYNSASFSTFKCYGVSPTKINDLCFT
NVYADSFVVRGDEVRQIAPGQT GKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTE
TYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS FELLHAPATVCGPKKS TNLVKNKCVNFNFNGLTGT
GVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGG (SEQ ID NO:41)

SARS-CoV-2 V511A Spike fragment

SNFRVQPTESTVRFPNITNLCPFGEVENATRFASVYAWNRKRI SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFT
NVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGONYNYLYRLFRKSNLKPFERDISTE
TYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVAVLS FELLHAPATVCGPKKS TNLVKNKCVNENENGLT GT
GVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGG (SEQ ID NO:42)

[00162] This Spike fragment can be used as a vaccine directly, or can be combined with mutations
(such as those shown above) to change the stability and conformational dynamics of the protein.
It is believed that this specific fragment (along with mutations) may lead to increased diversity of
the polyclonal antibody repertoire and unmasking of buried or partially occluded B cell epitopes.

[00163] It is expected that the truncated construct might result in a less diverse set of T cell
epitopes compared to the full-length wt spike protein, due to the elimination of the N- and C-

terminal extensions comprising the rest of the spike protein. However, the approach of increasing
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conformational flexibility of the resultant antigen fragment via microcavity-creating amino acid
substitutions in core hydrophobics should compensate by enhancing the production and
presentation of antigen fragment T cell epitope peptides by APCs, thereby boosting the
immunogenicity of this domain.

[00164] Although others have suggested similar fragments of the Spike protein (e.g., Spike
construct 319-591 as described in Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L,
Abiona O, Graham BS, McLellan JS. Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science. 2020;367(6483):1260-3. doi: 10.1126/science.abb2507 and Spike
construct 319-541 as described in  Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO,
Chromikova V, McMahon M, Jiang K, Arunkumar GA, Jurczyszak D, Polanco J, Bermudez-
Gonzalez M, Kleiner G, Aydillo T, Miorin L, Fierer DS, Lugo LA, Kojic EM, Stoever J, Liu STH,
Cunningham-Rundles C, Felgner PL, Moran T, Garcia-Sastre A, Caplivski D, Cheng AC,
Kedzierska K, Vapalahti O, Hepojoki JM, Simon V, Krammer F. A serological assay to detect
SARS-CoV-2 seroconversion in humans. Nature Medicine. 2020;26(7):1033-6. doi:
10.1038/s41591-020-0913-5), the fragment proposed herein is expected to have improved
properties.

[00165] Preferred sites for mutations that can be combined with the preferred truncated Spike
protein of amino acids 316-594 are selected from: A) Trp353, Tyr 365, Phe392, Phed00, Tyr 423,
Phed97, and/or Phe543; (B) 11e326, Val350, 11e358, Ala363, Leu387, Val395, Ala397, Vald0l,
lle402, Ile410, Iled18, Ala419, Leud25, Val433, Iled34, Alad35, Leud92, Val510, Valdll,
Val512, Leu513, Val524, Val539, LeuS52, Ala575, Val576, and/or Leu585; (C) Ala 363, Ala 397,
and/or Ala 575; (D) Cys336Ala / Cys361Ala, and/or Cys379Ala / Cys432Ala; (E) Ala 419, Ala
575, Val 576, Tyr 365, Ile 418, Leu 387, Leu 585, Ile 410, Tyr 423, Phe497, and/or Leu 552 of
SEQ ID NO:15, or the corresponding mutations in SEQ ID NO:16.

[00166] In further preferred embodiments, the truncated Spike protein comprising, or consisting
of amino acids 319-591 is combined with mutations at the following preferred sites: (A) Trp 353,
Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543; (B) 11e326, Val350, Ile358, Ala363,
Leu387, Val395, Ala397, Vald401, Iled402, Ile410, Ile418, Ala419, Leud25, Vald33, Iled434,
Alad35, Leud92, Val510, Val511, Val512, Leu513, Val524, Val539, Leu552, Ala575, Val576,
and/or Leu585; (C) Ala 363, Ala397, and/or Ala 575; (D) Cys 336 Ala/ Cys 361 Ala, and/or Cys
379 Ala/ Cys 432 Ala; and/or (E) Ala 419, Ala 575, Val 576, Tyr 365, Ile 418, Leu 387, Leu 585,
Ile 410, Tvr 423, Phe 497, and/or Leu 552 of SEQ ID NO:15, or the corresponding mutations in
SEQ ID NO:16.
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[00167] In further preferred embodiments, the truncated Spike protein comprising, or consisting
of amino acids 319-541 is combined with mutations at the following preferred sites: (A) Trp 353,
Tyr 365, Phe 392, Phe 400, Tyr 423, and/or Phe 497; (B) [1e326, Val350, 11e358, Ala363, Leu387,
Val395, Ala397, Val401, I1e402, Ile410, Ile418, Ala419, Leud25, Val433, lled434, Ala43s,
Leud92, Val510, Val511, Val512, Leu513, Val524, and/or Val539; (C) Ala 363, and/or Ala 397;
(D) Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala; and/or (E) Ala 419, Tyr 365,
lle 418, Leu387,Ile 410, Tyr 423, an/or Phe 497 of SEQ ID NO: 15, or the corresponding mutations
in SEQ ID NO:16.

[00168] In one such experiment, BALB/c mice were immunized twice (prime + 2° boost) with
either 3 ug of the wild type antigen or with a 3 ug mixture of wild type and two mutant antigens
in equal proportions (i.e., 1 ug of wt antigen plus 1 pg of each mutant antigen), using alum as the
adjuvant. For ELISAs, the native wild type RBD 316-594 fragment was immobilized in the wells
via a C-terminal tag, allowing the elicited polyclonal antibodies to bind to wild-type RBD
conformational epitopes. The geometric means of the half-max titers from replicate (n) ELISAs
of the mouse antisera at various timepoints after boost were calculated. As shown in Figure 1,
immunization with a protein mixture of the Spike fragment along with the two mutants Y365L and
V511A (described above) elicited significantly increased RBD-specific anti-IgG antibody titers as
compared to immunization with the Spike fragment alone.

[00169] Similarly, Figure 2 demonstrates that immunization with the mixture of antigen
fragments (Spike fragment + 2 mutants [above]) also resulted in increased Spike fragment-specific
memory B cell production as compared to immunization with an equimolar concentration of Spike

fragment alone or to mock immunized mice.

Example 3: Assays Measuring Alterations in Conformational Dynamics

[00170] Alterations in conformational dynamics can be measured by standard methods known in
the art. In preferred embodiments, alterations in conformational dynamics can be shown by
measuring changes in melting temperatures, in urea-induced equilibrium unfolding studies, and/or
Gibbs free energy as compared to the SARS-CoV-2 starting protein.

[00171] Changes in melting temperature can be shown by the following protocol. For example, a
SARS-CoV-2 peptidogenic protein (0.20 mg/ml) and a SARS-CoV-2 starting protein (as a control)
1s heated from 10°C to 72°C in a 0.1 cm quartz cuvette with a heating rate of 1 degree x min-1
controlled by a Jasco programmable Peltier element. The dichroic activity at 209 nm and the
photomultiplier tube voltage (PMTV) are continuously monitored in parallel every 0.5°C. All the

thermal scans are corrected for the solvent contribution at the different temperatures. Melting
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temperature (Tm) values are calculated by taking the first derivative of the ellipticity at 209 nm

with respect to temperature. All denaturation experiments are performed in triplicate (see Lori et
al., PLoS One, 5:8(6):e64824 (2013)).
[00172] A change in urea-induced equilibrium unfolding can be shown by the following protocol.
A SARS-CoV-2 peptidogenic protein (final concentration 40 ug/ml) and a SARS-CoV-2 starting
protein (as a control) is incubated at 10°C in increasing concentrations of urea (0-8 M) in 25 mM
Tris/HCI, pH 7.5, in the presence of 0.2 M NaCl and 2 mM DTT (for non-disulfide containing
proteins). After 10 min, equilibrium is reached and the intrinsic fluorescence emission, absorbance
at 287 nm, and/or far-UV CD spectra (0.5-cm cuvette) are recorded in parallel at 10°C. To test the
reversibility of the unfolding, a SARS-CoV-2 peptidogenic protein is unfolded at 10°C in 7.0 M
urea at 0.4 mg/ml protein concentration in 25 mM Tris/HCI, pH 7.5, in the presence of 2 mM DTT
and 0.2 M NaCl. After 10 min, refolding is started by 10-fold dilution of the unfolding mixture at
10°C into solutions of the same buffer used for unfolding containing decreasing urea
concentrations. The final protein concentration is 40 ug/ml. After an incubation period of 15 min
to 24 h, the intrinsic fluorescence emission, absorbance at 287 nm, and/or the CD spectra are
recorded as a function of urea concentration at 10°C (see Lori et al., PLoS One, 5;8(6).e64824
(2013)).
[00173] Alterations in Gibbs free energy can be shown by the following protocol. In order to
measure Gibbs free energy, differential scanning calorimetry (DSC) experiments are performed
on a VP-DSC (Microcal Inc., Northampton, MA) instrument at a scan rate of 1.5 deg/minute.
Where possible, temperature-induced unfolding of a SARS-CoV-2 peptidogenic protein is checked
for reversibility by comparing first and second DSC scans. It is understood that reversibility of
folding and unfolding is not a requirement for the SARS-CoV-2 peptidogenic proteins described
herein. The partial molar heat capacity of the protein, Cp,pr (T), is obtained from the
experimentally measured apparent heat capacity difference between the sample (containing protein
solution) and reference (containing corresponding buffer solution) cells, ACy*P (T). Protein
concentration 1s measured spectrophotometrically using a known molar extinction coefficient.
Analysis of the heat capacity profiles according to a two-state model is done using non-linear
regression routine NLREG and in-house written scripts. The standard thermodynamic functions
under reference conditions are calculated as:

AHcal(T) = AH(Tm) + ACy(T-Trm)

AS(T)= AS(Tm) + ACp In(T/Tm)
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__ AHcal(Tm)
= ACp In(T/Tm)

AG(T) = (Tw-T)(AHcal(Tm)/Tm = ACp) = TACp In(T/Tm)
[00174] Where AH(T), AS(T), and AG(T) are the enthalpy, entropy and Gibbs energy functions
of a SARS-CoV-2 peptidogenic protein, respectively, AHcal is the enthalpy of unfolding at the
transition temperature Tm, and ACp is the heat capacity of unfolding (see Loladze et al., J. Mol.
Biol. 320, 343-357 (2002)).

Example 4: Assays Measuring Peptidogenicity

[00175] One of the intracellular conditions that may participate in processing of the SARS-CoV-
2 peptidogenic proteins as described herein is proteolysis. The influence of the differential stability
of the SARS-CoV-2 peptidogenic proteins on proteolysis can be determined using one of several
in vitro or ex vivo assays.

(a) Cathepsin L Proteolysis

[00176] In one embodiment, examination of the behavior of the SARS-CoV-2 peptidogenic
proteins toward proteolysis is measured by subjecting them to the action of cathepsin L, one of the
enzymes known to be critical in protein antigen processing (Hsieh, C. S., deRoos, P., Honey, K.,
Beers, C., and Rudensky, A. Y. (2002) J. Immunol. 168,2618-2625). Suscepibiiity of the SARS-
CoV-7 peptidogenic proteins o profeciveis is assessed using lysosomal cathepsin L. The SARS-
CoV-2 peptidogentc proteins (0.5 ug/ul) are incubated with various amaounts (2.5, 1.5 muniis) of
enzyime i 30 mM sodiom acetate boffer, pH 4.5, for various lengths of time at 37 °C. Digestion
i3 stopped using 019 TFA, and proteolysis 1s monstored by reversed-phase HPLO on CIE reverse
phase columns (Vydac, Hespenig, CA) Flution of the proteclviic products s carnied out with &
hinear gradient of acetonttiile/water contaming H.1% TFA

(b) Proteolysis Using Alpha-Chymotrypsin and Carboxypeptidase Y

[00177] In another embodiment, examination of the behavior of the SARS-CoV-2 peptidogenic
proteins toward proteolysis 1s measured by subjecting them to the action of alpha-chymotrypsin
and carboxypeptidase Y. Alpha-chymotrypsin is an endopeptidase which cleaves at the carboxyl
terminus of aromatic amino acids; carboxypeptidase Y is an exopeptidase which removes amino
acids sequentially from the carboxyl terminus. Proteolytic digestion with these enzymes is specific
for unstable conformations, hence, the conformational stability of the SARS-CoV-2 peptidogenic
proteins determines their resistance/susceptibility to proteolytic digestion. The SARS-CoV-2
peptidogenic proteins at 1 mg/ml in 0.5 ml of 20 mM HEPES-buffered saline, pH 7.5, are incubated
at 37 °C with 100 ug of alpha-chymotrypsin from bovine pancreas and carboxypeptidase Y from
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yeast. Each incubation is terminated at various time-points and the digested samples are stored at
-20 °C until analyzed. Samples are analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), through a 15% acrylamide gel and under reducing conditions, then
stained with Coomassie Brilliant Blue for visualization.

(c) Proteolysis Using Lysosomal Extracts

[00178] In another embodiment, examination of the behavior of the SARS-CoV-2 peptidogenic
proteins toward proteolysis 1s measured by subjecting them to the action of lysosomal extracts of
bone marrow-derived dendritic cells. The SARS-CoV-2 peptidogenic proteins are incubated at
various concentrations in the presence of equal amounts of proteins from crude lysosomal extracts
from bone marrow-derived dendritic cells. The mixtures are incubated in 0.1 M sodium citrate
buffer, 0.5% Triton X-100, and 2 mM dithiothreitol at pH 4.5. Each incubation is terminated at
various time-points and the digested samples are stored at -20 °C until analyzed. Samples are
analyzed by SDS-PAGE. The experiments are repeated with and without prior adsorption of
SARS-CoV-2 peptidogenic proteins onto an adjuvant such as aluminum hydroxide. Bone marrow-
derived dendritic cells are purified with use of anti-CD11¢ microbeads from bone marrow cultured
in granulocyte macrophage-colony stimulating factor. See. for example, Delamarre et al., Figure
4,

(d) Proteolysis After Internalization by Bone Marrow-Derived Dendritic Cells

[00179] In another embodiment, examination of the behavior of the SARS-CoV-2 peptidogenic
proteins toward proteolysis is measured by labeling them with FITC per the manufacturer’s
protocol, incubating bone marrow-derived dendritic cells with the FITC-proteins, and measuring
the percentage of FITC+, CD11c+ cells over time. Bone marrow-derived dendritic cells are loaded
with 0.5 mg/ml of the FITC-labeled SARS-CoV-2 peptidogenic proteins for 1 hour, are washed,
and then are cultured at 37 °C for various amounts of time. FACS is then used to determine the
percentage of FITC+, CD11c+ cells at each time point subtracted to the percentage of FITC+,
CDllct cells at time 0 h. This represents the percentage of proteolysis of the SARS-CoV-2
peptidogenic proteins. The experiments are repeated with and without prior adsorption of FITC-

labeled SARS-CoV-2 peptidogenic proteins onto an adjuvant such as aluminum hydroxide.

Example 5: Antibody Production and Sequencing

[00180] Ig-seq of antibody repertoires may follow previously described protocols (10, 29) with
minor modifications. B cells can be isolated from the serum, spleen, or other tissues of
hyperimmunized rabbits. In order to reduce the complexity of the sequencing library, this
population can be sorted to enrich for CD19"CD3~CD27"CD38™ memory B cells or B cells that

recognize the target antigen (5, 30, 31). These cells are then lysed and mRNA is isolated using
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standard methods, and reverse transcribed to cDNA using 5 RACE with 3” primers specific for
the IgH or IgL constant region (9, 32). The cDNA library is then amplified with primers containing
the required paired-end adapter sequences and optional barcodes to enable quantification of
template and error correction by averaging multiple reads (8, 9).

[00181] Complete determination of antibody sequences requires identifving native VH-VL pairs.
As each VH and VL sequence is encoded by a separate mRNA, clonal sequencing may be
performed by isolating single B cells in subnanoliter volume wells (5) or microemulsion (9) prior
to mRNA isolation, reverse transcription, and overlap extension or linkage PCR. As an alternative,
endogenous VH-VL pairs can be identified through partial cross-linking of purified Fabs prior to
LC-MS/MS. Under the appropriate conditions, this will result in a fraction of the Fab heavy and
light chains forming interchain crosslinks, and the resulting peptide masses will be used to
determine native pairing.

[00182] In order to identify the antibodies raised in response to a mixture of SARS-CoV-2
peptidogenic proteins and/or Spike fragment, sequence information can be combined with data
from high-resolution mass spectrometrv. Protein A-purified IgGs can be digested with papain to
release the two Fabs from the Fc domain. These can then be immunoaffinity purified on a custom
column prepared using the SARS-CoV-2 peptidogenic or Spike fragment or wild type protein
immobilized on a solid support, the eluted Fabs proteolytically digested, and the peptide products
subjected to mass spectrometry. The resulting peptide masses can be compared with the complete
antibody sequencing data to identify the CDR sequences that recognize the antigen. Pairing of IgG
VH and VL sequences can be accomplished through chemical cross-linking of the immunoaffinity
purified Fabs prior to the proteolytic digest; Young et al have demonstrated the feasibility of this
approach (33).

Example 6: Immunization Using a Mixture of SARS-CoV-2 peptidogenic proteins

[00183] Methods of raising antibodies, including as part of a vaccination protocol, in mammals
are well known in the art. In one example, polyclonal antiserum against SARS-CoV-2
peptidogenic proteins is raised by immunization of pathogen free rabbits with a total of 500 ug of
a mixture of SARS-CoV-2 peptidogenic proteins over a period of two months. For example, the
SARS-CoV-2 peptidogenic proteins can be dissolved in PBS and emulsified with an equal volume
of Freund’s adjuvant. After the final booster, the serum of the rabbits can be separated to determine
the titer of the polyclonal antiserum. To obtain monoclonal antibodies, 4-6 week old Balb/c mice
can be immunized with a SARS-CoV-2 peptidogenic protein (for example 4 times with 2 week
intervals with 10-100 pg/injection dissolved in Freunds complete adjuvant for the first injection,

and Freund’s incomplete adjuvant for subsequent immunizations). Splenocytes are isolated and
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fused with a fusion cell line such as Sp2/0 myeloma cells, followed by limiting dilution. Growing
clones are screened using for example an enzyme-linked immunosorbant assay (ELISA). 96 cells
plates are coated with SARS-CoV-2 peptidogenic proteins or with a control protein. The culture
supernatant is added, followed by washing and addition of a labeled anti-mouse antibody for
detection. After limited dilution cloning of the SARS-CoV-2 peptidogenic protein-specific
antibody producing hybridomas stable hybridomas are obtained. From each cell, supernatant is
collected and by affinity chromatography using protein A sepharose columns monoclonal
antibodies can be purified.

[00184] For raising antibodies in humans, particularly as part of a vaccination protocol, a similar
approach to that described above for the generation of polyclonal antiserum may be taken. Those
skilled in the art however, would recognize the need to utilize alternative adjuvant systems instead
of Freund's adjuvant. For example, suitable alternative adjuvants may include, but are not limited
to, aluminium compounds such as aluminium hydroxide, aluminium phosphate, amorphous
aluminium hydroxyphosphate (AAHS) and potassium aluminium sulfate (alum), monophosphoryl
lipid A (MPL) based adjuvants, oil-in-water (O/W) emulsions comprising squalene, and
immunostimulatory nucleic acids such as cytosine phosphoguanine (CpG) oligonucleotides.
Additionally, susceptible patient populations, such as for example, the elderly and/or
immunocompromised populations, the use of certain adjuvants (e.g. liposome-based ASO1B
adjuvant system) and other strategies to achieve even more potent CD4" and CD8" T cell
responses, may also be employed to achieve strong and protective immune responses in these

susceptible patients (Weinberger, Immunity & Ageing 15:3 (2018)).

Example 7: Another Example of Immunization Using a Mixture of SARS-CoV-2

peptidogenic proteins

[00185] In an additional animal model, groups of 5 mice (CS7BL/6J; Jackson Labs) can be

subcutaneously immunized (primary) with 5 pg mixtures of endotoxin-free SARS-CoV-2
peptidogenic proteins and wild type starting protein emulsified in alum, which is the adjuvant most
commonly used in human vaccines. Three weeks later or, optionally, three weeks after one or
more subsequent boost (secondary) immunizations, mice are bled and the presence of peptidogenic
and/or wild type protein antigen-specific antibodies can be determined by titering the seras by
ELISA (direct binding of antibodies in sera to wild type SARS-CoV-2 protein antigen-coated,
directly or indirectly (via a biotinylated tag and streptavidin), on the wells). To confirm that the
SARS-CoV-2 peptidogenic proteins have a similar conformation as the SARS-CoV-2 starting
protein, competitive inhibition assays are performed in which titrated amounts of SARS-CoV-2

starting protein and SARS-CoV-2 peptidogenic proteins are pre-incubated with the seras prior to
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adding to the SARS-CoV-2 starting protein coated plates. This provides additional evidence, with

an immunological probe, that the 3D structure of the SARS-CoV-2 peptidogenic proteins has not
been compromised by the engineered mutations.

[00186] To determine whether the SARS-CoV-2 peptidogenic proteins and/or Spike fragment
result in better secondary antibody responses, groups of mice can be immunized as described
above, and 6 weeks after the primary immunization they can be immunized a second time. One
week post-secondary immunization, mice are bled and antigen-specific antibody responses are
determined by ELISA as described above. Mouse dendritic cells are pulsed in vitro with the
SARS-CoV-2 peptidogenic proteins and/or Spike fragment that can generate a strong antibody
response, and 24 hrs later the SARS-CoV-2 peptidogenic protein-derived peptides presented by
MHCII are isolated and their masses analysed by liquid chromatography and mass spectrometry
(LC/MS). These studies require large numbers (>107) of dendritic cells which are purified from
mice previously injected with a mouse tumor line expressing FLT-3L, a cytokine that drives
dendritic cell development in vivo (the spleens of these mice fill up with dendritic cells; Segura et
al, 2009). To allow for peak identification and the quantiifcation of MHCII-peptides by mass
spectrometry, the SARS-CoV-2 peptidogenic protein and/or Spike fragment can be
biosynthetically labeled with stable isotopes such as 13C and 15N (during production of the
recombinant protein -- see above) prior to feeding to the DCs (Hoedt et al 2014).

Example 8: Immunization Using Sequences Encoding a Mixture of SARS-CoV-2

peptidogenic proteins

[00187] Methods of directly injecting polynucleotides into animals are well described in the art.
See, for example, U.S. patent numbers 5,676,954; 6,875,748; 5,661,133. Briefly, using the known
degeneracy of the genetic code, polynucleotides encoding a mixture of SARS-CoV-2 peptidogenic
proteins described herein can be synthesized using standard DNA synthesis techniques. The
polynucleotide(s) can then be directly injected into the animal, such as, for example, mice.
Specifically, a mixture of polynucleotides encoding the mixture of SARS-CoV-2 peptidogenic
proteins can be injected into the quadriceps muscles of restrained awake mice (female 6-12 week
old BALB/c or Nude, nuw/nu, from Harlan Sprague Dawley, Indianapolis, Ind.). In one
embodiment, 50 pg of a polynucleotide in 50 pl solution using a disposable sterile, plastic insulin
syringe and 28G 2 needle (Becton-Dickinson, Franklin Lakes, N.J., Cat. No. 329430) fitted with
a plastic collar cut from a micropipette tip can be used to inject the mice, as described in Hartikka,
J., etal, Hum. Gene Ther. 7:1205-1217 (1996)).

[00188] Alternatively, 6-week old Sprague Dawley female mice (body weight 20-25 grams) can

be given 5000 ppm ZnOSO4 in their drinking water beginning 24 hours prior to injection. This
87



WO 2022/051549 PCT/US2021/048932

amount of zinc has been shown to be able to activate the metallothionein promoter. Each mouse is
then injected intravenously through a tail vein puncture with a 25 gauge needle with 30 ug of
polynucleotides encoding the mixture of SARS-CoV-2 peptidogenic proteins complexed with 150
g liposome (Lipofection TM) in a total volume of 30 pl. In one embodiment, the polynucleotides
mixture injected into the mice encodes for different SARS-CoV-2 peptidogenic proteins relating
to the same SARS-CoV-2 starting protein. Altematively, a library of SARS-CoV-2 peptidogenic
proteins can be encoded by the mixture of polynucleotides, wherein the library relates to different
SARS-CoV-2 starting proteins. Animal care should be maintained throughout the study and should
be performed in compliance with the “Guide for the Use and Care of Laboratory Animals”,
Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research
Council, National Academy Press.

[00189] After the injected polynucleotide encoding the SARS-CoV-2 peptidogenic proteins are
delivered into the cells in the animal, the SARS-CoV-2 peptidogenic proteins are then expressed
in vivo. The SARS-CoV-2 peptidogenic proteins can then stimulate the production of antibodies
specific to the SARS-CoV-2 peptidogenic proteins. These antibodies can be isolated and used as
a polyclonal mixture or further isolated into single species or monoclonals. The process of the
immune response and production of antibodies against foreign antigens in vivo are well known in
the art. Unlike the traditional protocols of antibody generation, the platform invention described
herein allows the simultaneously raising of a group of antibodies against multiple SARS-CoV-2
peptidogenic proteins (whether or not they rely on the same SARS-CoV-2 starting protein). This
simultaneous production of antibodies to multiple proteins using a mixture of polynucleotides has

the potential to change how antibody production is currently being performed.

Example 9: Immunization Using mRNA Encoding SARS-CoV-2 peptidogenic proteins

[00190] The methods of directly injecting in vitro transcribed (IVT) mRNA into animals are also
well known in the art. See, Sahin et al., Nat Rev Drug Discov. 2014 Oct;13(10):759-80; Kariko et
al., Mol Ther, 2008 Nov;16(11):1833-40; Kariko et al., Nucleic Acid Res, 2011, Nov;39(21):e142;
US Patent number 6,511,832. For example, linearized DNA plasmid templates which encode a
mixture of SARS-CoV-2 peptidogenic proteins can be used. All mRNAs can be designed to
contain 5° and 3° untranslated regions, the open reading frames, and long poly(A) tails, which can
help determine the translational activity and stability of the mRNA molecule after its transfer into
cells.

[00191] For example, mRNAs (including a poly(A) tail) encoding SARS-CoV-2 peptidogenic
proteins can be synthesized using triphosphate-derivatives of pseudouridine and 5-methylcytidine

(m5C) (TriLink) to generate a modified nucleoside containing RNA. A 5°-cap can be added to the
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mRNAs by supplementing the transcription reactions with 6mmol/l 3’-0O-Me-m7GpppG, a

nonreversible cap analog (New England Biolabs, Beverly, MA) and lowering the concentration of
guanosine triphosphate (3.75 mmol/l). Purification of the transcripts can be performed by Turbo
DNase (Ambion, Austin, TX) digestion followed by LiCl precipitation and 75% ethanol wash. The
concentrations of RNA reconstituted in water can be determined by measuring the optical density
at 260 nm. Efficient incorporation of modified nucleotides to the transcripts can be determined by
HPLC analyses. All RNA samples can be analyzed by denaturing agarose gel electrophoresis for
quality assurance. Lipofectin (Invitrogen, Carlsbad, CA) and mRNA are then complexed in
phosphate buffer in order to enhance transfection. To assemble a 50 pl complex of RNA-lipofectin,
first 0.4 pl potassium phosphate buffer (0.4 mol/l, pH 6.2) containing 10 pg/ pl bovine serum
albumin (Sigma, St. Louis, MO) is added to 6.7 ul DMEM, then 0.8 ul lipofectin is mixed in and
the sample 1s incubated for 10 minutes. In a separate tube, 0.25-3 pg of RNA is added to DMEM
to a final volume of 3.3 pul. Diluted RNA is added to the lipofectin mix and incubated for 10
minutes. Finally, the RNA-lipofectin complex is further diluted by adding 38.8 ul DMEM.

[00192] The RNA encoding the SARS-CoV-2 peptidogenic proteins can then be injected into the
mouse models described herein. In general, a composition comprising 60 pl final volume with 1
ul lipofectin and different amounts of polynucleotides encoding the SARS-CoV-2 peptidogenic
proteins are injected into the lateral vein using a 1-ml syringe with a 27G1/2 needle (Becton
Dickinson, San Diego, CA). Alternatively, the polynucleotides can be injected via intramuscular,
intradermal, intranasal, subcutaneous, intravenous, intratracheal. and intrathecal deliveries. After
the polynucleotides are delivered into the cells, the SARS-CoV-2 peptidogenic proteins are
synthesized in vivo. The immune responses triggered by the SARS-CoV-2 peptidogenic proteins

and the subsequent production of antibodies in the animals are described herein.

Example 10: Affinity Maturing Antibodies to Peptidogenic Protein Using Phage Display

[00193] Once antibodies have been raised to the SARS-CoV-2 peptidogenic proteins by
presenting and allowing the SARS-CoV-2 peptidogenic protein to undergo processing by an
antigen presenting cell such as described in the Examples herein, the resulting antibodies can be
matured using a display approach. For example, a library of phage displaving scFvs or Fabs
derived from B cell mRNA encoding the target-specific antibodies can be screened in an assay to
identify those phage displaying scFvs or Fabs that immunospecifically bind to a SARS-CoV-2
peptidogenic protein or to a SARS-CoV-2 starting protein. Phage displaving scFvs or Fabs that
bound to immobilized peptidogenic protein or SARS-CoV-2 starting protein can be identified after
panning on immobilized peptidogenic protein or SARS-CoV-2 starting protein and assessing by

ELISA for binding to immobilized SARS-CoV-2 peptidogenic protein or SARS-CoV-2 starting
39



WO 2022/051549 PCT/US2021/048932
protein. The SARS-CoV-2 peptidogenic protein or SARS-CoV-2 starting protein that is

immobilized on plates for these assays can be purified from supernatants of Sf9 cells infected with
a baculovirus expression construct as described in Moore et al., Science 285:260-263 or from
supernatants from HEK293 cells. Each of the identified scFvs or Fabs can then be sequenced.
[00194] To determine the specificity of each of the unique scFvs or Fabs, a phage ELISA can be
performed for each scFvs or Fabs against the SARS-CoV-2 peptidogenic protein or SARS-CoV-2
starting protein and control wells. Individual E. coli colonies containing a phagemid representing
one of the unique scFvs or Fabs can be moculated into 96-well plates containing 100 pl 2TYAG
medium (Tryptonetyeast broth supplemented with ampicillin and glucose) per well. Plates are
incubated at 37°C for 4 hours, shaking. M13K07 helper phage is then added to each well to a MOI
of 10 and the plates are incubated for a further 1 hour at 37°C. The plates are centrifuged in a
benchtop centrifuge at 2000 rpm for 10 minutes. The supernatant is removed and cell pellets are
resuspended in 100 ul 2TYAK (iryptone+yeast broth supplemented with ampicillin and
kanamycin) and incubated at 30°C overnight, shaking.

[00195] The next day, plates are centrifuged at 2000 rpm for 10 min and the 100 ul phage-
containing supernatant from each well are carefully transferred into a fresh 96-well plate. Twenty
ul of 6xMPBS (dry milk dissolved in PBS) is added to each well, and incubated at room
temperature for 1 hour to pre-block the phage prior to ELISA.

[00196] Flexible 96-well plates (Falcon) are coated overnight at 4°C with a SARS-CoV-2
peptidogenic protein (directly or indirectly, at 1 mg/ml) in PBS, BSA (1 g/ml) in PBS, or PBS
alone. After coating, the solutions are removed from the wells, and the plates are blocked for 1
hour at room temperature in MPBS. The plates are washed 3 times with PBS and then 50 pl of
pre-blocked phage 1s added to each well. The plates are incubated at room temperature for 1 hour
and then washed with 3 changes of PBST (PBS plus Tween) followed by 3 changes of PBS. To
each well, 50 ul of an anti-gene VIII-HRP conjugate (Pharmacia) at a 1 to 5000 dilution in MPBS
is added and the plates are incubated at room temperature for 1 hour. Each plate is washed three
times with PBST followed by three times with PBS. Then 50 ul of an HRP-labelled anti-mouse
antibody (DAKO EnVision) diluted 1/50 in 3% MPBS is added and incubated for 1 hour at room
temperature. Each plate is then washed three times with PBST followed by three times with PBS.
Fifty ul of TMB substrate 1s then added to each well, and incubated at room temperature for 30
minutes or until color development. The reaction is stopped by the addition of 25 pl of 0.5 M
H2S04. The signal generated is measured by reading the absorbance at 450nm (A450) using a
microtiter plate reader (Bio-Rad 3550).
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[00197] Conversion of scFvs or Fabs to IgGl format can be performed as follows. The VH
domain and the VL domains of scFvs or Fabs that we wish to convert into IgG molecules can be
cloned into vectors containing the nucleotide sequences of the appropriate heavy (human IgGl,
IgG2, etc.) or light chain (human kappa or human lambda) constant regions such that a complete
heavy or light chain molecule could be expressed from these vectors when transfected into an
appropriate host cell. Further, when cloned heavy and light chains are both expressed in one cell
line (from either one or two vectors), they can assemble into a complete functional antibody
molecule that is secreted into the cell culture medium. Methods for converting scFvs or Fabs into
conventional antibody molecules are well known within the art.

[00198] The purification of the IgG from the fermentation broth is performed using a combination
of conventional techniques commonly used for antibody production. Typically the culture harvest
is clarified to remove cells and cellular debris prior to starting the purification scheme. This would
normally be achieved by using either centrifugation or filtration of the harvest. Following
clarification, the antibody would typically be captured and significantly purified using affinity
chromatography on Protein A Sepharose. The antibody is bound to Protein A Sepharose at basic
pH and, following washing of the matrix, is eluted by a reduction of the pH. Further purification
of the antibody is then achieved by gel filtration. As well as removing components with different
molecular weights from the antibody this step can also be used to buffer exchange into the desired

final formulation buffer.

Example 11: Assays Used to Characterize Antibodies and Measure Cross-Reactivity

[00199] Antibodies (whether cross-reacting or antibodies raised against the SARS-CoV-2
peptidogenic protein and/or Spike fragment) (including scFvs or Fabs and other molecules
comprising, or alternatively consisting of, antibody fragments or variants thereof) may be screened
in a variety of assays, some of which are described below to identify those antibodies that bind to
the SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or SARS-CoV-2 starting
protein.

[00200] In one particular assay, antibodies (whether cross-reacting or antibodies raised against the
SARS-CoV-2 peptidogenic protein and/or Spike fragment) that bind to a biotinylated protein
(whether the SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or SARS-CoV-2
starting protein) can be captured on streptavidin coated magnetic beads. This assay may be applied
to identify antibodies (whether cross-reacting or antibodies raised against the SARS-CoV-2
peptidogenic protein and/or Spike fragment) that neutralize and/or bind to the SARS-CoV-2
peptidogenic protein and/or Spike fragment and/or SARS-CoV-2 starting protein. Additionally,
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antibodies may be assayed in neutralization assays described herein or otherwise known in the art.
For example, antibodies may be tested for their ability to inhibit the SARS-CoV-2 peptidogenic
protein and/or Spike fragment and/or SARS-CoV-2 starting protein from binding to IM9 cells. In
this assay, labeled peptidogenic protein and/or Spike fragment and/or SARS-CoV-2 starting
protein (e.g., biotinylated) is incubated with antibodies to allow for the formation of protein-
antibody complexes. Following incubation, an aliquot of the protein-antibody sample is added to
IMO cells. Binding may be determined using techniques known in the art. For example, the binding
of biotinylated protein (whether the SARS-CoV-2 peptidogenic protein and/or Spike fragment
and/or SARS-CoV-2 starting protein) to IM9 cells may be detected using a fluorimeter following
the addition of streptavidin-delfia. Biotinylated protein, if it is not bound by antibodies that
neutralize the protein, will bind to the cells and can be detected. Thus, an antibody that decreases
the amount of biotinylated-protein that binds to IM9 cells (relative to a control sample in which
the protein had been preincubated with an irrelevant antibody or no antibody at all) is identified as
one that binds to and neutralizes the protein.

[00201] Other immunoassays which can be used to analyze cross-reactivity and/or characterize
the antibodies raised against the SARS-CoV-2 peptidogenic protein and/or Spike fragment
include, but are not limited to, competitive and non-competitive assay systems using techniques
such as western blots, radioimmunoassays, ELISA (enzyme linked immunosorbent assay),
"sandwich" 1mmunoassays, immunoprecipitation assays, precipitin reactions, gel diffusion
precipitin reactions, immunodiffusion assays, agglutination assays, complement-fixation assays,
immunoradiometric assays, fluorescent immunoassays, and protein A immunoassays, to name but
a few. Such assays are routine and well known in the art (see, e.g., Ausubel et al, eds, 1994, Current
Protocols in Molecular Biology, Vol. 1, John Wiley & Sons, Inc., New York.

[00202] Exemplary immunoassays are described briefly below (but are not intended by way of
limitation). Immunoprecipitation protocols generally comprise lysing a population of cells in a
lysis buffer such as RIPA buffer (1% NP-40 or Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 0.15 M NaCl, 0.01 M sodium phosphate at pH 7.2, 1% Trasylol) supplemented with protein
phosphatase and/or protease inhibitors (e.g., EDTA, PMSF, aprotinin, sodium vanadate), adding
the cross-reacting antibody of interest to the cell lysate, incubating for a period of time (e.g., 1 to
4 hours) at 4°C, adding protein A and/or protein G sepharose beads to the cell lysate, incubating
for about an hour or more at 4°C , washing the beads in lysis buffer and resuspending the beads in
SDS/sample buffer. The ability of the antibody of interest to immunoprecipitate a SARS-CoV-2
peptidogenic protein and/or Spike fragment and/or a SARS-CoV-2 starting protein can be assessed
by, e.g., western blot analysis or mass spectrometry. One of skill in the art would be knowledgeable

as to the parameters that can be modified to increase the binding of the antibody to a SARS-CoV-
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2 peptidogenic protein and/or a SARS-CoV-2 starting protein and decrease the background (e.g.,

pre-clearing the cell lysate with sepharose beads). For further discussion regarding
immunoprecipitation protocols see, e.g., Ausubel et al, eds, 1994, Current Protocols in Molecular
Biology, Vol. 1, John Wiley & Sons, Inc., New York at 10.16.1.

[00203] Western blot analysis generally comprises preparing protein samples, electrophoresis of
the protein samples in a polyacrylamide gel (e.g., 8%- 20% SDS-PAGE depending on the
molecular weight of the antigen), transferring the protein sample from the polyacrylanmide gel to a
membrane such as nitrocellulose, PVDF or nylon, blocking the membrane in blocking solution
(e.g., PBS with 3% BSA or non-fat milk), washing the membrane in washing buffer (e.g., PBS-
Tween 20), blocking the membrane with primary antibody (the antibody of interest) diluted in
blocking buffer, washing the membrane in washing buffer, blocking the membrane with a
secondary antibody (which recognizes the primary antibody, e.g., an anti-human antibody)
conjugated to an enzymatic substrate (e.g., horseradish peroxidase or alkaline phosphatase) or
radioactive molecule (e.g., 32P or 1211) diluted in blocking buffer, washing the membrane in wash
buffer, and detecting the presence of the antigen. One of skill in the art would be knowledgeable
as to the parameters that can be modified to increase the signal detected and to reduce the
background noise. For further discussion regarding western blot protocols see, e.g., Ausubel et al,
eds, 1994, Current Protocols in Molecular Biology, Vol. 1, John Wiley & Sons, Inc., New York at
10.8.1.

[00204] In a further example, ELISAs comprise preparing peptidogenic protein and/or Spike
fragment and/or a SARS-CoV-2 starting protein, coating the well of a 96-well microtiter plate
(directly or indirectly) with the SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or
a SARS-CoV-2 starting protein, washing away the SARS-CoV-2 peptidogenic protein and/or
Spike fragment and/or a SARS-CoV-2 starting protein that did not bind the wells, adding the
antibody of interest conjugated to a detectable compound such as an enzyme (e.g., horseradish
peroxidase or alkaline phosphatase) to the wells and incubating for a period of time, washing away
unbound antibodies or non-specifically bound antibodies, and detecting the presence of the
antibodies specifically bound to the SARS-CoV-2 peptidogenic protein and/or Spike fragment
and/or a SARS-CoV-2 starting protein coating the well. In ELIS As the antibody of interest does
not have to be conjugated to a detectable compound; instead, a second antibody (which recognizes
the antibody of interest) conjugated to a detectable compound may be added to the well.

[00205] Further, instead of coating the well with the antigen, the antibody may be coated to the
well. In this case, the detectable molecule could be the SARS-CoV-2 peptidogenic protein and/or
Spike fragment and/or a SARS-CoV-2 starting protein conjugated to a detectable compound such

as an enzyme (e.g., horseradish peroxidase or alkaline phosphatase). One of skill in the art would
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be knowledgeable as to the parameters that can be modified to increase the signal detected as well
as other variations of ELISAs known in the art. For further discussion regarding ELISAs see, e.g.,
Ausubel et al, eds, 1994, Current Protocols in Molecular Biology, Vol. 1, John Wiley & Sons, Inc.,
New York at 11.2.1. The binding affinity of an antibody to a SARS-CoV-2 peptidogenic protein
and/or Spike fragment and/or a SARS-CoV-2 starting protein and the off-rate of an antibody-
protein interaction can be determined by competitive binding assays. One example of a competitive
binding assay is a radioimmunoassay comprising the incubation of labeled SARS-CoV-2
peptidogenic protein and/or Spike fragment and/or a SARS-CoV-2 starting protein (e.g., 3H or
1251) with the antibody of interest in the presence of increasing amounts of unlabeled SARS-CoV-
2 peptidogenic protein and/or Spike fragment and/or a SARS-CoV-2 starting protein, and the
detection of the antibody bound to the labeled SARS-CoV-2 peptidogenic protein and/or Spike
fragment and/or a SARS-CoV-2 starting protein. The affinity of the antibody of the present
invention for a SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or the SARS-CoV-
2 starting protein and the binding off-rates can be determined from the data by Scatchard plot
analvsis. Competition with a second antibody can also be determined using radioimmunoassays.
In this case, a SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or SARS-CoV-2
starting protein is incubated with an antibody of interest conjugated to a labeled compound (e.g.,
3H or 1251) in the presence of increasing amounts of an unlabeled second anti-peptidogenic protein
antibody.

[00206] In a preferred embodiment, BIAcore kinetic analysis can be used to determine the binding
on and off rates of antibodies to SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or
SARS-CoV-2 starting protein. BIAcore kinetic analysis comprises analyzing the binding and
dissociation of SARS-CoV-2 peptidogenic protein and/or Spike fragment and/or SARS-CoV-2

starting protein from chips with immobilized antibodies on their surface.

Example 12: Vaccination

[00207] Further, a mixture of SARS-CoV-2 peptidogenic proteins as described herein can be used
as a vaccine. For example a concentration of 320 ug/mL in phosphate-buffered saline (PBS, 155
mM NaCl, 1 mM KH2PO4, 3 mM Na2HPO3) of the SARS-CoV-2 peptidogenic proteins are
aseptically emulsified with an equal volume of Montanide ISA 51 to give a final vaccine
concentration of 160 ug/mL. The emulsion is achieved by homogenizing the mixture in a volume
0f 200 mL in a 400-mL vessel at room temperature for 6 min at 6000 rpm using an Omni Mixer-
ES homogenizer (Omni International, Warren-ton, VA). Each vaccine undergoes comprehensive
quality control analyses to ensure general safety, purity, identity, integrity, and uniform water-in-

oil droplet size. Stability of vaccines stored at 2-8°C is evaluated regularly using mouse
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immunogenicity tests and physical and biochemical assays to verify the vaccine safety, potency,
uniformity, purity, and integrity until 4-10 months after the termination of the human
immunizations. The 160 ug/mL peptidogenic protein vaccines are diluted with the PBS/ISA 51
(the adjuvant control vaccine) to the final dose forms of 10 ug/mL or 40 ug/mL prior to
immunizations. As aresult of different degrees of dilution, these vaccines contained two different
ratios of vaccine-containing vs. vaccine-free compositions, namely ratios of 1:15 and 1:3 for the
10 ug/mL and 40 ug/mL formulations, respectively. The test and control vaccines may be highly
viscous and require vortexing prior to and after manipulation to ensure homogeneity. The vaccine
can be administered intramuscularly by needle and syringe. Vaccine-induced T-cell responses are
further evaluated by means of a qualified intracellular cytokine staining assay. Peripheral-blood
mononuclear cells are quantified to determine the proportion of total and memory CD4 and CD8
T cells producing mterfeukin-Z, mterferon~y, or tumor necrosis factor (THNF

[00208] Polvnucieotides encoding a nuxiwe of SARS-LoV-2 pepludogenic proteins cap also be

used as a vaccine by adminisiering to & patient the polviuclectide described herain,
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L.

Claims

A composition comprising:

a. aSARS-CoV-2 peptidogenic protein, wherein said peptidogenic protein has altered

conformational dynamics as compared to a SARS-CoV-2 starting protein and
wherein the SARS-CoV-2 peptidogenic protein is similar in conformation to the
SARS-CoV-2 starting protein, and wherein said SARS-CoV-2 starting protein 1s

selected from at least one of the proteins listed on Table 2; or

b. a Spike fragment; or
c. apolynucleotide encoding (a) or (b); or

d. any combination of (a), (b) and/or (c).

2. The composition of claim 1, wherein the altered conformational dynamics is obtained by:

3.

The composition of either claim 1 or 2, wherein at least 1

a. examining the 3-D structure of the SARS-CoV-2 starting protein, identifying non-

surface amino acid residues of the SARS-CoV-2 starting protein and replacing at
least one non-surface amino acid residue in the SARS-CoV-2 starting protein to

generate the SARS-CoV-2 peptidogenic proteins; or

. examining a model of the 3-D structure of the SARS-CoV-2 starting protein,

identifying non-surface amino acid residues of the SARS-CoV-2 starting protein
and replacing at least one non-surface amino acid residue in the SARS-CoV-2
starting protein to generate the SARS-CoV-2 peptidogenic proteins; or

comparing the pattern of conserved amino acid homology across proteins
orthologous to the SARS-CoV-2 starting protein from different species to identify
non-surface amino acid residues of the SARS-CoV-2 starting protein and replacing
at least one non-surface amino acid residue in the SARS-CoV-2 starting protein to

generate the SARS-CoV-2 peptidogenic proteins; or

. replacing at least one non-surface amino acid residue of the SARS-CoV-2 starting

protein to generate the SARS-CoV-2 peptidogenic proteins; or
replacing at least one non-surface amino acid residue with a smaller amino acid
residue; or

replacing at least one non-surface amino acid residue with an alanine or glycine; or

. eliminating at least one disulfide bond in the SARS-CoV-2 starting protein.

2,3,4,5,6,7,8,9

? ? ? ? ? ? ? ? ?

10,11, 12, 13,

14, 15, 16, 17, 18, 19, or 20 amino acids are replaced in the SARS-CoV-2 starting protein.
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4. The composition of any one of the preceding claims, wherein the conformational dynamics of

the SARS-CoV-2 starting protein is altered by replacing:

a.

b.

- o o o

at least one threonine with a valine, alanine, glycine or serine; or

at least one cysteine with alanine, valine, glycine, serine or threonine; or

at least one valine with alanine, glycine, leucine or isoleucine; or

at least one leucine with alanine, valine, glycine, or isoleucine; or

at least one isoleucine with alanine, valine, leucine, or glycine; or

at least one proline with methionine, alanine, valine, leucine, isoleucine, or glycine;
or

at least one methionine with alanine, valine, leucine, isoleucine, or glycine; or

at least one phenylalanine with tyrosine, methionine, histidine, alanine, valine,
leucine, 1soleucine, or glycine; or

at least one tyrosine with phenylalanine, methionine, histidine, alanine, valine,
leucine, isoleucine, or glycine; or

at least one tryptophan with tyrosine, phenylalanine, methionine, histidine, alanine,
valine, leucine, isoleucine, or glycine; or

at least one aspartic acid with glutamic acid, glutamine, asparagine, glycine, serine,
threonine, alanine, valine, leucine, or isoleucine; or

at least one asparagine with glycine, serine, threonine, alanine, valine, leucine,
isoleucine, glutamine, glutamic acid, or aspartic acid; or

at least one glutamic acid with aspartic acid, asparagine, glutamine, glycine, serine,
threonine, alanine, valine, leucine, or isoleucine; or

at least one glutamine with glutamic acid, aspartic acid, asparagine, glutamine,
glycine, serine, threonine, alanine, valine, leucine, or isoleucine; or

at least one lysine with arginine, histidine, glycine, serine, threonine, alanine,
valine, methionine, leucine, or isoleucine; or

at least one arginine with lysine, histidine, glycine, serine, threonine, alanine,
valine, methionine, leucine, or isoleucine; or

at least one histidine with phenylalanine, tyrosine, lysine, arginine, glycine, serine,
threonine, alanine, valine, glutamine, asparagine, leucine, methionine or isoleucine;
or

at least one alanine with a glycine or proline; or

at least one glycine with an alanine or proline; or

at least one serine with an alanine or glycine; or
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u. at least one residue with a non-natural amino acid; or

v. any of the above combinations.

5. The composition of any one of the preceding claims, wherein the SARS-CoV-2 peptidogenic
protein is selected from the Spike glvcoprotein PODTC2 Spike SARS2 (SEQ ID NO:15) or
P59594 Spike CVHSA (SEQ ID NO:16).

6. The composition of claim 5, wherein the Spike protein is mutated at any of the following
positions:
(A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543 of SEQ ID NO:15;
(B) Val308, 11e326, Val350, 11e358, Ala363, Leu387, Val395, Ala397, Vald0l, Ile402,
lled10, le418, Alad19, Leud25, Vald33, Tled34, Alad35, Leud92, Val510, Val511, Val512,
Leu513, Val524, Val539, Leu552, Ala575, Val576, and/or Leu585 of SEQ ID NO:15;
(C) Ala 363, Ala 397, and/or Ala 575 of SEQ ID NO:15;
(D) Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala of SEQ ID NO:15;
(E) Ala 419, 1le 980, Ala 903, Leu 916, Ala 575, Phe 1095, Cys 1032, Val 576, Tyr 365, Ile
1115, Tle 418, Leu 387, Cys 649, Leu 650, Leu 585, Ala 1080, Ile 410, Tyr 423, Ala 1087,
Tyr 695, Ala 653, Phe 201, Ile 1081, Phe 497, Ala 989, Leu 552, Val 1104, and/or Cys 671 of
SEQ ID NO:15; or
(F) or the equivalent positions in SEQ ID NO:15-16 or SEQ ID NO:43-110.

7. The composition of any one of the preceding claims, wherein the composition comprises, or
consists of, any one of the following:

a. amino acids 316-594 of SEQ ID NO:15 or amino acids 303-580 of SEQ ID NO:16;

b. amino acids 316-594 of SEQ ID NO:15 along with at least one mutation at any one of the
following sites: A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543; (B)
1le326, Val350, I1e358, Ala363, Leu387, Val395, Ala397, Vald01, I1e402, Ile410, [1e418, Alad19,
Leud25, Vald33, Iled434, Ala435, Leud92, Val510, Val511, Val512, Leud13, Val524, Val539,
Leu552, Ala575, Val576, and/or Leu585; (C) Ala 363, Ala 397, and/or Ala 575; (D) Cys 336 Ala
/ Cys 361 Ala, and/or Cys 379 Ala/Cys 432 Ala; (E) Ala419, Ala 575, Val 576, Tyr 365, Ile 418,
Leu 387, Leu 585, Ile 410, Tyr 423, Phe 497, and/or Leu 552;

c. amino acids 319-591 of SEQ ID NO: 15 along with at least one mutation at any one of the
following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, Phe 497, and/or Phe 543; (B)
11e326, Val350, 11e358, Ala363, Leu387, Val395, Ala397, Vald01, T1ed02, Tled10, [led18, Alad19,

Leud25, Vald33, [led34, Alad35, Leud92, Val510, Val511, Val512, Leu513, Val524, Val339,
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Leu552, Ala575, Val576, and/or Leu585; (C) Ala 363, Ala 397, and/or Ala 575; (D) Cys 336 Ala

/ Cys 361 Ala, and/or Cys 379 Ala/ Cys 432 Ala; and/or (E) Ala 419, Ala 575, Val 576, Tyr 365,
Ile 418, Leu 387, Leu 585, Ile 410, Tvr 423, Phe 497, and/or Leu 552;

d. amino acids 319-541 of SEQ ID NO:15 along with at least one mutation at any one of the
following sites: (A) Trp 353, Tyr 365, Phe 392, Phe 400, Tyr 423, and/or Phe 497; (B) 11326,
Val350, 11e358, Ala363, Leu387, Val395, Ala397, Val401, Ile402, Ile410, Ile418, Ala419,
Leud25, Val433, Ile434, Alad435, Leud92, Val510, Val511, Val512, Leu513, Val524, and/or
Val539; (C) Ala 363, and/or Ala 397; (D) Cys 336 Ala/ Cys 361 Ala, and/or Cys 379 Ala/ Cys
432 Ala; and/or (E) Ala 419, Tyr 365, lle 418, Leu 387, Ile 410, Tyr 423, an/or Phe 497,

e. amino acids 319-541, 319-591, or 316-594 of SEQ ID NO:15 along with at least one
mutation at amino acid Y365, 1402, and/or V511;

f. amino acids 319-541, 319-591, or 316-594 of SEQ ID NO:15 along with at least one
mutation selected from Y365L, 1402V, and/or V511A; or

g. the equivalent fragments and/or mutations in SEQ ID NO:15-16 or SEQ ID NO:43-110.

8. The composition of any one of the preceding claims, wherein the change in conformational
dynamics of the SARS-CoV-2 peptidogenic proteins is measured by:

a. achange in melting temperature as compared to the SARS-CoV-2 starting protein; or

b. achange in Gibbs free energy of stabilization or proteolytic sensitivity assay; or

¢. achange in Gibbs free energy, wherein the change in Gibbs free energy of stabilization
is measured by denaturant modulated equilibrium unfolding, such as an urea or guanidinium

hydrochloride unfolding.

9. The composition of any one of the preceding claims, wherein the similar conformation is
measured by:

a. across-reacting antibody that binds to both the SARS-CoV-2 peptidogenic proteins and
the SARS-CoV-2 starting protein; or

b. the cross-reacting antibody of (a), wherein cross-reactivity is measured by an
immunoprecipitation assay, surface plasmon resonance, isothermal titration calorimetry, oblique-
incidence reflective difference (OI-RD), western blots, radioimmunoassays, ELISA (enzyme
linked immunosorbent assay), "sandwich" immunoassays, gel diffusion precipitin reactions,
immunodiffusion assays, agglutination assays, complement-fixation assays, immunoradiometric
assays, fluorescent immunoassays, and/or protein A immunoassays; or

c. the cross-reacting antibody of (a), wherein cross-reactivity 1s measured by a binding

assay; or
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d. The cross-reacting antibody of (a), wherein the cross-reacting antibody has a dissociation
constant (KD) of less than or equal to 10°M; or

e. The cross-reacting antibody of (a), wherein the cross-reacting antibody has a dissociation
constant (KD) of less than or equal to 107*M, less than or equal to 10'M, or less than or equal to
107°M.

10. The composition of any one of the preceding claims, wherein the mutation 1s selected from at

least one of the mutations listed in Table 2.

I1. The composition of any one of the preceding claims, wherein the composition 1s

administered directly to the animal.

12. The composition of any one of the preceding claims, wherein the SARS-CoV-2
peptidogenic protein is derived:

a. from the same SARS-CoV-2 starting protein; or

b. from multiple SARS-CoV-2 starting proteins; or

c. from multiple related SARS-CoV-2 starting proteins.

13. A method of administering to a subject the composition of any one of the preceding claims.

14. The method of claim 13, wherein said method further comprises administering to the subject
a mixture of the polynucleotides encoding the SARS-CoV-2 peptidogenic protein and
introducing the mixture of polynucleotides into an animal, wherein the SARS-CoV-2

peptidogenic protein is expressed from the polynucleotides.

15. The method of claim 14, wherein the polynucleotides are:
a. svnthesized in vitro; or
b. DNA; or
in vitro transcribed (IVT) mRNA; or

~

IVT mRNA comprising a poly(A) tail; or
e. IVT mRNA comprising a 5” Cap.

16. The method of either claim 14 or 15, wherein the polynucleotide is:

a. not associated with any targeting components; or
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b. associated with a targeting component capable of targeting the polynucleotides to a cell
or an organ; or
c. associated with a targeting component capable of targeting the polynucleotides to a cell

or an organ, wherein the targeting component is a vector.

17. An animal comprising the composition of any one of claims 1-12.

18. The animal of claim 17 wherein the animal 1s a mammal, a human, mouse, rabbit, llama, or a

COW.

19. The method of any one of claims 13-16 or the animal of either claim 17 or 18, wherein the

animal 1s injected with the composition.
20. The method of any one of claims 13-16 or the animal of either claim 17 or 18, wherein the
composition is;

a. injected directly into the muscle of the animal;

b. injected into the animal on multiple occasions.

21. The method of any one of claims 13-16 or 19-20, wherein said method generates an immune

response.

22. The method of claim 21, wherein the immune response comprises the generation of

antibodies.

23. The method of claim 22, wherein the method further comprises isolating the antibodies.

24. The method of claim 23, wherein the antibodies are fully human antibodies, chimeric

antibodies, humanized antibodies, monoclonal antibodies, and/or polyclonal antibodies.

25. The antibody produced by the method of any one of claims 22-24.

26. The method of claim 25, wherein the polyclonal antibodies are further fractionated to obtain

a single, isolated antibody species.

27. An isolated antibody produced by the method of claim 26.
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28. The method of any one of claims 13-16 and 19-26 or the antibody of claim 27, wherein the

antibody is affinity matured.

29. The method or antibody of claim 28, wherein the affinity maturation occurs by:
a. phage display, yeast display, or ribosome display; or

b. apanning technique.

30. The antibody produced by the method of any either claim 28 or 29.

31. A polynucleotide encoding the antibody of any one of claims 25, 27, or 30.

32. The polynucleotide of claim 31 further comprising a heterologous promoter.

33. The polynucleotide of either claim 31 or 32 further comprising a vector sequence.

34. A host cell comprising the polynucleotide of any one of claims 1-12 or 31-33,

35. A mixture of the peptidogenic proteins or the polynucleotides encoding a mixture of SARS-
CoV-2 peptidogenic proteins, wherein said peptidogenic protein is selected from a protein shown

in Table 2.

36. The mixture of the peptidogenic proteins or polynucleotides of claim 35, wherein the
polynucleotides encoding the peptidogenic proteins:

a. encode a mixture of SARS-CoV-2 peptidogenic proteins derived from the same SARS-
CoV-2 starting protein; or

b. encode a mixture of SARS-CoV-2 peptidogenic proteins derived from multiple SARS-
CoV-2 starting proteins; or

c. encode a mixture of SARS-CoV-2 peptidogenic proteins derived from multiple related
SARS-CoV-2 starting proteins; or

d. are synthesized in vitro; or

e. are DNA; or

f. are in vitro transcribed (IVT) mRNA; or
are [IVT mRNA comprising a poly(A) tail; or

P s

are IVT mRNA comprising a 5° Cap.
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INTERNATIONAL SEARCH REPORT
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Box No. | Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c¢ of the first sheet)
1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

carried out on the basis of a sequence listing:
a. forming part of the international application as filed:
in the form of an Annex C/ST.25 text file.

D on paper or in the form of an image file.

b. ‘:’ furnished together with the international application under PCT Rule 13ter.1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. D furnished subsequent to the international filing date for the purposes of international search only:

D in the form of an Annex G/ST.25 text file (Rule 13ter.1(a)).

D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).

2. D In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
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A. CLASSIFICATION OF SUBJECT MATTER
INV. A61K39/12 C07K16/10

ADD.

A61P31/14

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

A6lK A61P CO7K CI12N

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X KOYAMA TAKAHIKO ET AL: "Variant analysis 1-13

of SARS-CoV-2 genomes",

WORLD HEALTH ORGANIZATION. BULLETIN,

vol. 98, no. 7, 1 July 2020 (2020-07-01),

pages 495-504, XP055871289,

CH

ISSN: 0042-9686, DOI:

10.2471/BLT.20.253591

Retrieved from the Internet:

URL:https://www.ncbi.nlm.nih.gov/pmec/artic

les/PMC7375210/pdf/BLT.20.253591.pdf>
Y figure 3 13-24,35
Y WO 2017/031353 Al (UNIV RUTGERS [US]) 13-24, 35

23 February 2017 (2017-02-23)

claims 4-6,8,11,12

claims 10a, 30

-/—

|__K| Further documents are listed in the continuation of Box C.

‘z‘ See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

10 December 2021

Date of mailing of the international search report

21/12/2021

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Wagner, René
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C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category”

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

ALSOUSSI WAFAA B. ET AL: "A Potently
Neutralizing Antibody Protects Mice
against SARS-CoV-2 Infection",

THE JOURNAL OF IMMUNOLOGY,

vol. 205, no. 4,

15 August 2020 (2020-08-15), pages
915-922, XP055871592,

uUs

ISSN: 0022-1767, DOI:
10.4049/3jimmunol.2000583

Retrieved from the Internet:

URL:https://www.jimmunol.org/content/jimmu

nol/205/4/915. full.pdf>

page 920, right-hand column

ALINA BAUM ET AL: "Antibody cocktail to
SARS-CoV-2 spike protein prevents rapid
mutational escape seen with individual
antibodies",

SCIENCE,

15 June 2020 (2020-06-15), page eabd0831,
XP055707765,

uUs

ISSN: 0036-8075, DOI:
10.1126/science.abd0831

page 496

25-34

25-34
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WO 2017031353 Al 23-02-2017 Ca 2995838 Al 23-02-2017
EP 3337822 Al 27-06-2018
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Us 2018244759 Al 30-08-2018
WO 2017031353 A1l 23-02-2017
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