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Polvpeptides, Compositions, and their Use to Treat or Limif Development of an

Infection

Cross Reference
This application claims prioviy {o U.S. Provisional Apphication Serial Nos,
627977036 filed Febraary 14, 2020, 63/046,159, filed: June 30, 2020, and £3/064, 2335, filed

Angast 11, 20240 gach incorporated by reference herein in their entivety.

Federal Funding Statement
This invention was made with goverument support under Grant Nos.
HHSN272201700059C and RO GM 120533, awarded by the National Institutes of Health.

The government has certain rights in the invention.

Sequence Listing Statement:

A computer readable form of the Sequence Listing is filed with this application by
electronic subimission and is incorporated inio this application by reference in its entirety. The
Sequence Listing 1s contained in the file created on February 11, 2021, having the file name

“20-1008-PCT_Seqlist ST25.txt” and 15 1077 kb in size.

Background

The recent emergence of a previously wiknown vivus in Waban, China has resulted in
the ongoing COVID-19 pandemic that has caused more than 18,700,000 infections and
F00,000 faalities as of August 6, 2020 (WHO). Rapid viral isolation and sequencing revealed
by Junuary 2020 that the newly emerged zoonotic pathogen was a coronavirus closely related
to SARS-CoV and was therefore nined SARS-CoV-2. SARS-CoV-2 is believed to have
originated in bats based on the solation of the closely related RaTG 13 virus from
REinolophus affinis and the identification of the RmYNU2 genome sequence in

metagenomics analyses of Rhinolophus malayoennus, both from Yunsan, China.
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Summary

1 one aspect, the disclosure provides polypeptides comprising an anung acid
sequence at feast 95%, at feast BO%, at least Y7%, at least 98%, at least 99%, or at least 100
identical io the aming acid sequence selecied from the group consisting of SEQ {D NOS: 1~
§4, 138-146, and 167-184, wherein X1 s absent or is an amine acid Huker, and wherein
residues in paventheses are optional and may be present or some or all of the oprional residues
may be absenl. In varions specific smbodiments, the pelypeptides conyprise the amine acid
sequence selected from the group consisting of SEQ ID NOS:1-12 and 142-151, comprise the
amino acid sequence selected from the group consisting of SEQ 113 NOS: 1-8, or comprise
the amino acid sequence selected from the group consisting of SEQ IDNOS: Hor 5, In
another embodiment, the disclosure provides nanoparticles comprising a pluratity of such
polypeptides.

in another aspect, the disclosure provides nanoparticles, comprising:

(&) a plurality of first assemblies, each fivst assembly comprising a plurality of
wdentical first proteins; and,

(h) a plurality of second assemblies, each second assembly comprising a
plurality of second proteins;

wherein the amino acid sequence of the first protein diflers from the sequence

of the second proigin; wherein the plurality of first assemblies non-covalently interact with
the plurality of second assemblies o form the nanoparticle; and wherein the nanoparticle
displays on its surface an immunogenic portion of a SARS-CoV-2 antigen or & varian or
homelog thereof, present in the at least one second protein. In one embodiment, the second
proteins comprises an amine acid sequence at feast 953%, at feast 96%, at least 97%, at least
GR%%, at least 99%:, or af feast 100% identical 10 the amino acid sequence selected from the
group consisting of SEQ 1D NOS:85-124 or 185-193, or consisting of SEQ 1D NOS: §5-88,
wherein X1 for at Teast one second protein comprises an immunogenic portion of a SARS-
CoV-2 antigen or a vanant or homolog thereof, X2 is absent or an amino acid linker, and
residues in paventheses wre optional. In another embodiment, X1 in at least 20%, 30%, 409,
S0%, 60%, 70%, &0%, 90%, or 100% of the second proteins comprises an amino aoid
sequence having af least 75%, 80%, 85%, 90%, 01%, $2%, 93%, 94%, 95%, 96%, 7%,
9%, 99%, or 100% amino acid sequence identity to a Spike (8} protein extracellular domain
(ECD) amine acid sequence, an S subunit anuno acid sequence, an S2 subunil amino acid

sequence, an S1 receptor binding domatn (RBD) anuno acid sequence, andfor an N-terminal
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domain (NTD) amino acid sequence, from SARS-CoV-2, or a variant or homolog thereof. In
] q g

a farther embodiment, X1 in at least 2095, 30%, 40%, 50%, 60%, 70%, 80%, 0%, or LO0%
of the second profeins comprises an anino acid sequence having at least 75%, 80%, 85%;,
GU%%, 9 1%, 92%, V3%, 4%, 5%, 96%, 97%, 98%, 99%, or 100% amino acid sequence
wentity to the amino acid sequence selected from the group consisting of SEQ IDNO:125-
137, In g further embodiment, the first protein comprises an aming acid sequence at least
7%, 800, B5%, 90%:, 9195, 92%, 93%, 04%,, 05%, 96%, 97%, 08%, 99%, or 100% identical
1o the amine acid sequence selected the group consisting of SEQ 1D NOS:152-159, wherein
residues in parentheses are optional and may be present or some or all of the optional residaes
may be absent.

In various other aspects, the disclosure provides compositions comprising a plurality
of navoparticles disclosed herein, nucleic acid molecules, such as mRNA, encoding the
polypeptide disclosed herein, expression vectors comprising the nucleic acid molecales
disclosed herein operatively finked to a suitable control sequence, cells comprising the
polvpeptide, the nanoparticle, the composition, the mucleic acid, andfor the expression vector
disclosed heremn, and phanmaceutical compositions, kifs, and vaccines comprising the
polypeptide, the naneparticle, the composition, the nucleic acid, the expression vector, andfor
the cell disclosed herein.

In another aspect, the disclosure provides wethods o {reat oy it development of g
SARS-CoV-2 infection. comprising administeting 1o a subject in need thereof an amount
effective to traat or limit development of the infection the palvpeptide, nanoparticle,

composition, nucleic acid, pharmacesntical composition, or vaccine disclosed herein.

Description of the Fipures

Figure 1 (A-H). Design, In Fitro Assembly, and Characterization of SARS-CoV-2
RBD Nanoparticle tmmunogens (A) Molecular surface representation of the SARS-CoV.2
§-2P trimer in the prefusion conformation {(PDB 6VYB). Each protomer is colored distinctly,
and N-linked glycans are rendered dark blue (the glycan at posttion N343 was modeled based
on PDB 6WPS and the recepior-binding motif (RBM) was modeled from PDB 6MOJ). The
single open RBD is boxed. (B Molecular surface representation of the SARS-CoV-2 SRBD,
including the N-linked glycans at positions 331 and 343, The ACE2 receptor-binding site or
RBM i3 mdicated with a black outhine. (C} Structural models of the trimeric RBD-133-30A

(RBD in light blue and 153-50A in light grav) and pentameric 153-50B (orange) components.
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Upon mixing i vitro, 20 trimeric and 12 pestameric components assemble to form
nanoparticle inwnanogens with icosahedral symmetry. Each nanoparticle displays 60 copies
of the RBD. (D} Stractural model of the RBD-12GS-153-50 nanoparticle snmunogen.
Although a single orientation of the displayed RBD antigen and 12-residue linker are shown
tor simplicity, these regions are expected to be flexible relative fo the 153-50 nanoparticle
scaffold, (B} Dynamic light scattering (DLS} of the RBD-8GS-, RBD-12GS8-, and RBD-
16GS-153-50 nanoparticles compared (o unmedified 153-30 nanoparticles. {F) Representative
electron micrographs of negatively staingd RBD-RGS-~, RBD-12GS-~, and RBD-16(GS-153-30
nanoparticles. The samples were imaged after one freeredthaw cvele. Scale bars, 100 nm. (G)
Hydrogen/Deutertmn-exchange mass spectrometry of monomeric RBD versus trimeric RBD-
8G5-153-30A component, represented here as a butterfly plot, confirms preservation of the
RBD conformation, including at epiopes recognized by kuown neutralizing Abs. In the plot,
cach point along the horizontal sequence axis represents a peplide where denterium uptake
was monttored from 3 seconds to 20 hours, Ervor bars shown on the butterfly plot indicate
standard deviations from two experimental replicates. The difference plot below
demonstrates that monomeric RBD and RBD-8GS-153-504 ave virtually wdentical 1n local
struetural ordering across the RBD. (H) Pie charts surnmarizing the glycan populations
present at the N-tinked glycosylation sites N331 and N343 in five prolein samples:
monomeric RBD, 5-2P trimer, and RBD-8GS-, RBD-12GS-, and RBD-16GR-153-30A
trivneric components. The majority of the complex glycans at both sites were fucosylated;
minor populations of afucosylated glycans are set off by dashed ings. Oligo, oligomannose.

Figure 2 (A-B). Antigenic Characterization of SARS-CoV-2 RBB-153-58
Naneparticle Immunogens {A) Bio-laver interferometry of immobilived mAUCE2-Fe,
CR3022 mAb, and 8309 mAb bindiag to RBD-8GS-, RBD-12GS-, and RBD-16GS-153-30
nanoparticles displaying the RBD antigen at 30% or 100% valency, The monomeric SARS-
CoV-2 RBD was included in each experiment as a reference, (B) The binding signal at 830 s,
near the end of the association phase, is plotied for each experiment in panel (A) 1o enable
comparison of the bindiag signal obtained from each nanoparticle.

Figure 3 (A-E). Physical and Antigenic Stability of RBD Nanoparticle
Emmunogens and S-2P Trimer {A) Chenneal denaturation by guanidine bydrochioride. The
ratio of intrinsic irvptophan fuorescence enussion at 350/320 nm was used 1o monior protein
tertiary structure. Major transitions are ndicated by shaded regions. Representative data {from

one of three idependent experiments are shown. {B) Swomary of SDS-PAGE and nsEM
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stabnlity data over four weeks. SDS-PAGE showed no detectable degradation in any sample.
nsEM revealed substantial unfolding of the §-2P trimer at 2-8°C after three days incubation,
and at 22-27°C afier four weeks. N/A. not assessed. (T} Summary of antigenicity data over
four weels. The antipens were analyzed for mACE2-Fe {solid lines) and CR3022 mAb
{dashed lines) binding by bio-layer interferometry afer storage at the various temperatures.
The plotied valne represents the amplitude of the signal near the end of the association phase
normalized to the corresponding <-70°C sample at each time poinl. (D) Sumumary of UVivis
stability data over four weeks, The ratio of absorbance af 320280 nm is plotted as a measure
of particulate scattering. Ouly the S-2P trimer and the RBD-12GS-153-50 nanoparticle
showed any morease i scatering, and only at ambient terperature. {E) DLS of the RBD-
1238-153-50) nanoparticle indicated a monodisperse species with no detectable aggregaie at
all teruperatures and time points. The data in panels B~E 15 from a four-week real-time
stability study that was performed once.

Figare 4 {A-D). RBD-153-56 Nanoparticle Immunogens Elicit Potent Antibody
Responses in BALB/c and Haman Immane Repertoire Mice (A-B}) Post-prime (yveek 2)
(A) and post-boost (week 5) (B) anti-S binding fiters in BALB/C mice, measared by ELISA.
Each symbol represents an individual animal, and the geometric mean from each group is
indicated by a horizontal line, The dotied line represents the kower limit of detection of the
assay. 8GS, RRD-8GS-153-59; 12GS, RBD-12GS-153-30; 16GS, RBD-16GR-153-50; HCS,
human convalescent sera. The inset depicts the study timeline. The immunization experiment
was repeated twice and representative data are shown, {C-D) Post-prime (week 2) (C) and

™ mice, which are transgenic

posi-boost (week 31 {D) anti-S hinding tiers in Kymab Darwin
for the non-rearranged human antibody variable and constant region germline reperioire,
measured by ELISA and plotted as in (A). The wset depicts the study timeline. The
inmunization experiment was performed once.

Figure 5 (A-H). RBD-I53-50 Nanoparticle Immunogens Elicit Potent and
Protective Neutralizing Antibedy Responses {A-B) Serum pseudovirus nestralizing titers
post-prime (A} or post-hoost (B} from mice immunized with monomeric RBD, 8-2P trimer,
or RBD-133-30 nanoparticles. Each circle represents the reciprocal #0530 of an individual
amimal. The geomelric mean from each group s indicated by a horizontal hine. Limil of
detection shown as a gray dotted line. The animal experiment was performed twice, and
representative data from daplicate measurements arg shown, (C-D) Sennn live vivus

neutralizing tiers post-prime {C} or post-boost (I} from mice immunized as deseribed m (A).
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(E-T) Serum pseudovirus neutralizing titers from Kymab Darwin'™ mice posi-prime (E) and
posi-boost {F), imonized as described in (A). The animal expeniment was performed once,
and the neutraltzation assays were perfornied at least in duplicate. {G-H) Seven weeks post-
boost, eight BALB/ mice per group were challenged with SARS-CoV-2 MA, Two days
post-challenge, viral titers in lung tssue (G) and nasal furbinates (H} were assessed. Limit of
detection depicted as a gray dotted line.

Figare 6 (A-J). RBD Nanoparticle Vaceines Elicit Robust B Cell Responses and
Antibodies Targeting Multiple Epitopes in Mice and a Nonhuman Primate (A-B)
Number of (A} RBD+ B cells (B220+CD3-CD138-} and (B) RBD+ GC precursors and B
cells {CD38+A-GLT+) detected across each immunization group. {C-D) Freguency of ()
RBD+ GC precursors and B cells (CD3RH-GLT+) and (D) [gD+, IgM+, or class-swilched
{TgM-TgDe swlgt) RBD+ GC precursors and B cells. {A~D) N=6 across two experiments
for each group. Statistical significance was determmed by one-way ANOVA, and Tukey's
muttiple comparisons tests were performed for any group with a p-value less than (.05,
Significance is indicated with stars; * p < (.05, ¥98% p < OIN0 L {E) Ratio post-boost (week
5} of 8-2P ELISA binding titer {Figure 4D) to psendovirus neutralization fiters (Figure 3F)in
Kymab Darwin™ mice. The ratio is the {GMT (RC50) of five mice}:{the GMT (IC50) of five
mice] of the ECSICS0 of all HCS tested. A lower value signifies a higher qualily response.
{Fy Ratio post-boost {week 3) of §-2P ELISA hinding tter (Figure 4B} {o either pseudovirus
{(Figure 5B} or live virus (Figure 3D} neutralization titers in BALB/c mice. The ratio is the
[GMT (ECA30) of ten mice]:{the GMT (IC30) of ten mice] or the EC31C50 of all HCS
tested. {G3) SARS-CoV-2 RBD with monomeric ACE2, CR3022 Fab, and §309 Fab bound.
(H~1 Determunation of vaccine-elicited Ab epitope specificity by competition BLL A
dilution serigs of polyclonal NHP Fabs was pre-incubated with RBD on the BLE tip. The
polyclonal Fab concentration was maintained with the addition of competitor io each dilution
point. The 1:3 dilution sertes of polyclonal Fabs is represenied from dark to light, with a dark
gray line representing competitor loaded to apo-RBIY (no competition). Competition with {H)
200 uM ACE2, (1} 400 aM CR3022, or (7) 20 nM S309.

Figure 7 (A-E). Additional characterization of RBD Nanoparticle Immunogens,
(A} Size exclusion chromatography of RBID-153-50 nanoparticles, unmodified 133-50
nanoparticle, and trimeric RBD-133-50A componenis on a Superose™ 6 Ingrease 10/300 GL.
(B) SDS-PAGE of SEC-pmrified RBD-153-50 nanoparticles under reducing and nov-reducing

conditions before and after one freere/thaw cyele. {C) Dynamic light scattering of RBD-I53-
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50 nanoparticles before and afier one freeve/thaw cycle mdicales monodisperse nanoparticles
with a lack of deteciable aggregates in each sample. {1} Hydrogen/Deuterium-exchange mass
spectrometry, represented here as heatmaps, reveals the structural accessibility and dynamics
on RBD {PDB 6W41), Color codes indicate denteriur uptake levels. Monomeric RBD and
RBD-8GE-153-50A have mdistinguishable uptake patterns, and are presented in a single
heatmap at each time point. {E) Top, bar graphs revenl similar glycan profiles at the N-hnked
glycosylation sites N331 and N343 in five protetn saniples: monomeric RBD, $-2P (rimer,
and RBD-8GS-, RBD-12G5-, and RBD-16GS-153-30A {rimeric components, Botiom,
comprehensive glvean profiling on other N-linked glvcosviation sites besides N331 and N343
that are found in the §-2P trirser. The axis of each har graph is scaled (0 0-80%. MY to M5,
oligomannose with 9 to 5 mannose restdues, are colored dark gray. Hybrid and Fiiybnd,
bybnd types with or without fucosylation are gray. Subtypes in complex type, shows i hight
gray, are classified based on antennae number and fucosylation,

Figare 8 (A-B). Determination of hACUE2 and CR3622 Fab Affinitics by Bio-layer
Interferemetry, {A) Analysis of monomeric BACE? binding to immebilized monomeric
RBD and trimeric RBD-8GS-, RBD-12GS-, and RBD-16GS-153-50A components. (B)
Analysis of CR3022 Fab binding to immobilized monomeric RBD and trimeric RBD-8GS-,
RBD-12GS8-, and RBD-16GS-153-30A components, Affimily constanis (Table 3) were
defermined by global fitting of the kinetic data from six analyte concentrations toa 1:1
binding model.

Figure 9 (A-D). Characterization of Partial Valency RBD Nanoparticles {(A)
Representative electron micrographs of negatively stained RBD-8GS-, RBD-126GS-, and
RBD-16GS-153-30 nanopasticles displaying the RBDY at 30% valency. The samples were
imaged after one freeze/thaw cycle. Scale bars, 100 nm. (B) SDS-PAGE of purified RBD-
8GS-~, RBD-12GS-, and RBD~16GS-153-50 nanoparticles displaving the RBD at 50%
valency. Both RBD-bearing and unmodified 153-30A subunits are visible on the gels. (C)
Dynanvic light scattering (DLS) of 56% valency RBD-BGS~, RBD-12GS-, and RBD-16GS-
153-50 panoparticles both before and after freeze/thaw. No aggregates or unassembled
components were observed. (D) UV/vis absorption spectra of $0% valency RBD-8GS-,
RBD-12GS-, and RBD-160GS-153-50 nanoparticles. Turbidity in the samples is low, as
indicated by the low absorbance at 320 nm.

Figure 10 {A-E). Day 28 Stability Data. (A) SDS-PAGE of puyified menomeric
RBD, S-2P trimer, RBD-153-50A components and RBD-12GS-153-50 nanoparticle in
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reducing and non-reducing conditions. No degradation of any inununogen was observed alter
a four-week incubation af any temperatore analyred. (B) Analysis of mACE2-Fe and CR3022
1¢G binding to wonomerie RBD, RBD-153-30A irimeric compenents, and RBD-12GS-153-
30 nanoparticle by BLI after a four-week incubation at three temperatures, Monomeric RBD
was used as a reference standard in nanopaticle componeut and nanoparticle BLY
experiments, The RBD-12GS-133-30 ngnoparticle lost minimal binding at the higher
temperatures after four weeks; the remaining antigens did not lose any mACE2-Fe o
CR3022 1oG binding over the course of the study. (€Y UV/vis spectroscopy showed minimal
absorbance i the near-UV, suggesting a lack of aggregation/particelates after a four week~
incubation at thres temperatures, with the exception of S-2P trimer, which gained significant
absorbance around 320 nm at ambient temperature. RBD-12GS-153-54 nanoparticle samples
at 22-27°C at several earlier time points exhibited similar peaks near 320 nm (see
Supplementary Hem 2). (D) nsEM of RBD-12GS-153-30 nanoparticle {top) and S-2P trimer
(bottom) afier a four-week incubation at three emperatures. ntact monodisperse
nanoparticles were observed at all temperatares, with no observed degradation or
aggregation. The S-2P trimer remained well folded in the <-70 and 22-27°C samples, but was
unfelded in samples incubated st 2-8°C. Scale bars: RBD-12GS-153-540, 100 nwm; 8-2P, 50
niw, (E} DLS of the RBD-12G8-153-30 panoparticle after a four-week incubation at three
temperatares. No aggregation was observed at any temperature.

Figure 11, Subclasses of vaccine-clicited Abs and anti-scaffold antibody titers,
Levels of vaceine-elicited IgG specific to the (top) trimeric 133-30A component, (middle)
pentameric 153-308 component, and (hottom) assembled 153-50 nanoparticle two weeks
post-prime (lefl) and post-boost {right) in BALB/c mice.

Figure 12 (A-D). B Cell Gating Strategy and Durability of the Vaccine-Elivited
Immune Response, (A} Represeniative galing sirategy for evaluating RBD~specific B cells,
germinal center {GC} precursors and B cells (CD33+GL7+), and B cell isotvpes. Top row,
ganng strategy for measuring numbers of live, non-doublet B cells. These cells were further
analyzed as depicted in the niddle and hottom rows. Middie row, representative data from a
mouse immunized with the monomeric RBD formylated with AddaVax™, RBD+CD3&+—
GL7+ cells that did not bind decoys were counted as antigen-specific GC precwsors and B
cells. Botiom row, representative data from a mouse immanized with the RBD-12GS-133-30
nanoparticle formulated with AddaVax™. GC precursors and B cells were finther analyzed

to characterize B cell veceptor isotypes. (B-O) Levels of {B) S-specific 1gG and {C})
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psendovirus neytralization m sera collected 20 (RBD-16GS-153-50) or 24 {monomeric RBD,
S-2P. RBD-RGS-153-50, and RBD-12G8-153-50) weeks post-boost. Sera were collecied from
the two anmmals from each group that were not challenged with MA-SARS-CoV-2. (D)
Numbers of S-2P-specific Ab secreting cells in the bone marrow of BALB/¢ mice
iununized with either S-2P wrimer or RBD-16GS-153-50 nanoparticle, measwed by ELISpot.
Cells were harvested 17 weeks post-boost (see panel B inset}. The animal experiment was
performed once, Statistical significance was determined by iwo-taited unpatred £ test. ¥, p=
G.02.

Detailed Deseription

All references cited are heremn mcorporated by reference in their entirety. Within this
apphication, unless otherwise stated, the technigues utilized may be found in any of several
well-known references such as: Molecular Cloning: A Laboratory Manual {Sambrook, et al,,
1989, Cold Spring Harbor Laboratory Prassy, Gene Expression Technelogy (Methods in
Enzymology, Vol 185, edited by D Goeddel, 1991, Academic Press, San Diego, CA),
“(ruide to Protein Parification” in Methods i Enzymology (M.P. Deptsheer, ed., (199}
Academic Press, Ine.); PCR Protocols: A Guide to Methods and Applications (lanis, et al.
1990, Acadentic Press, San Diego, CA), Culture of Animal Cells: A Manaal of Basic
Technigue, 2nd Ed. (R.1. Freshoey. 1987, Liss, Inc. New York, NY), Gene Transler and
Expression Protocols, pp. 109-128 ed. E.J. Murray, The Humana Press hnc, Clifion, N1,
and the Ambion 1998 Caialog { Ambion, Austin, TX),

Az used herein, the smeudar forms "a", "an” and "the” include plural referents anless
the context clearly dictates otherwise.

As used herein, “sbout” means +- 3% of the recited parameter.

As used herein, the aming acid residues are abbreviated as follows: alanine (Ala; A},
asparagme {Asn; N}, aspartic acid (Asp; D), arginine {Arg; R), ovsteing (Cys; €}, glutamic
acid (Ghy; B), glutamine (Gl Q). glveine (Gly; G, histidine (His; Hj, isolencine (Ile; I,
leucine (Lew: L), ysine (Lys; K}, methionine (Mat; M), phenvialanine (Phe; ), proling (Pro;
P, serime (Ser; 83, threowine (Thr; T), tryptophan (Trp; W), {yrosine {Tyr; Y), and vahne
{Val; V).

All embodiments of any aspect of the disclosure can be used in combination, unless

the context clearly dictates otherwise.
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Unless the context clearly requures othenwise, throughout the description and the
claims, the words ‘comprise’. ‘comprising’, and the hike are to be constraed in an inclasive
sense as opposed 10 an exclasive or exhaustive sense; that 18 to say, in the sense of

“including, but not limited to”. Words ssing the singular or plugal number also include the
5 plural and singolar nunaber, respectively. Additionally, the words “berein,” “above,” and
“helow™ and words of similar import, when used in this apphication, shall refer to this
application as a whole and not 10 ary patticular portions of the application.
in a first aspect, the disclosure provides polypeptides comprising an amine acid
sequence at least 95%, al feast 96%, at least 7%, at least 98%, at least 9%, or at least 100%
10 identical {o the armmo acid sequenge selected Fom the group consisting of SEQ (D NOS: 1-
&4, 138-146, and 167-184, wherein X1 15 absent or is an amino acid linker, and wherein
residues in parentheses are optional and may be present or some or all of the optional residues
may be absent.
As shows i the examples that follow, the polypeptides of this aspect can be used to
15 generated self-assembling protein nanoparticle immunogens that elicit potent and protective
antibody responses against SARS-CoV-2. The nanoparticle vacemes induce newtralizing
antibody titers roughly ten-fold higher than the prefusion-stabitized 8 ectodomain trimer
despite a more than five-fold lower dose. Antibodies elicited by the nanoparticle immunogens
tavget multiple distinct epitopes, suggesting that they may not be gastly susceptible to escape
20 mntations, and exhibit a significantly lower bindingmeutralizing ratio than convalescent
humas sera, which nway mintmize the risk of vaccing-associated enhanced respiratory diseass,
The amimno acid sequence of exemplary polypeptides of this aspect of the disclosure
are provided below.

Table 1

10
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Tit varions embodiments, the polypeptide comprises the amino acid sequence selected
from the group consisting of SEQ [D NOS:1-12 and 142-151. I various other
embodiments, the polypeptides comprises an amino acid sequence at least 93%, af least 96%,
at least 97%, at least 98%, at least 99%, or at least 1060% identical to the amino acid sequence
selected from the growp consisting of SEQ 1D NOS: 1-8, or the group consisting of SEQ 1D
NOS: 14, SEQ ID NOS: 5.8, or the group consisting of SEQ 1D NOS: | and §, provided as
exemplary emmbodiments in the examples that follow,

As used throughout the present application, the term “polypeptide”™ is used in its
broadest sense to refer fo 8 sequence of suburt D- or L-amivo acids, including canonical and
non-canonical anuno acids. The polypeptides described herein may be chemically
synthesized or recombinantly expressed. The polypeptides may be linked {o other compounds
to promote an increased hall-life in vivo, such as by PEGylation, HESylation, PASylation,
elveosylation, or may be produced as an Fo-fusion or in deimmunized variants. Such linkage
can be covalent or non-covalent as 1s understoed by those of skill 1 the at.

in a second aspect, the disclosure provides nanoparticles comprising a plurahity of
polypeptides according to any embodiment ot combination of embodiments of the first aspect
of the disclosure,  In this aspect, a plurality {2, 3, 4, 5, 10, 20, 23, 30, 60, 100, or more)
polypeptides of the first aspect of the disclosure are present i any suitable nanoparticle.

Nanoparticles of any embodiment or aspect of thus disclosure can be of any suitable
size for an intended use, including but not limited o about 11 nm 1o about 100 nm in
diameter.
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tn a third aspect, the disclosure provides sanoparticles, comprising:

{a) a plurality of first assemblies, each {irst assembly comprising a phurality of
identical first proteins; and,

{b) a phurality of second assemblies, each second assembly comprising a
plarality of second proteins;

wherein the amino acid sequence of the first protein differs from the sequence of the
second protein;

wherein the plurality of first assemblies non~-covalenily interact with the plurality of
second assemblies to form the nanoparticle; and,

whetein the nanoparticle displays on its sarfsce an imununogemic portion of a SARS-
CoV-2 antigen or a variant or homolog thereof, present in the at least one second protein.

in this aspect, the nanoparticle forms a three-dimensional structure formed by the
non-covalent interaction of the first and second assemblies. A plarality (2,3, 4.5, 6, or
mare) of first polypeptides self-assemble to form a fivst assembly, and a plarality (2,3, 4, 5,
6, or more} of second polypeptides self-assemble to form a second assernbly. Non~covalent
mteraction of the individual self-assembling profeins resulis in selfassembly of the first
protein o first assemblies, and self-assembly of the second proteins into second assemblies.
A plarality of these first and second assemblies then self-assemble son-covalently via
mietiaces to produce the nanoparticles.  The number of first polypeptides m the first
assemblies may be the same or different than the number of second polypeptides in the
second asserablies. Nanoparticles of this disclosure can have any shape and/or symmetry
suitable for an intended use, inchuding, but not limited to, fetrahedral, octabedral, icosahedral,
dodecabedral, and truncated forms thereof. In one exemplary enobodiment, each first
assembly is pentameric and each second asserably is teimeric,

Assembly of the first and second assemblies mnto nanoparticles is not random, but is
dictated by non-covalent interactions (e.g., bydrogen bonds, electrostatic, Van deyr Waals,
hvdrophobic, etc.) between the various assemblies {ie the cumulative effect of interactions
between {irst assemblies, interactions between second assemblies, and interactions between
first and second assemblies). Conseguenily, nanopariicles of this disclosure comprise
symnetrically repeated, non-natural, non-covalent, protein-proten interfaces that onient the
first and second assernblies into a nanoparticle having a highly ordered structure. While the
formation of nanoparticles is dug to non-covalent tnteractions of the first and second

assemblies, i some embodiments, once formed, nanoparticles may be stabilized by covalent
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linking between proteins in the first assemblies and the second assemblies, Any switable

covalent Hinkage may be used, including bt not limited 1o disalfide bonds and isopeptide

finkages.

First proteins and second proteins suitable for producing assemblies of this disclosure

may be of any suitable length for a given nanoparticle. First proteins and second proteins may

be between 30 and 250 amine acids in length.

tn one emabodiment, the second proteins comprise an amino acid sequence at least

G3%%, at least 96

Lt
FaIN

at least 97%, at least 98%4, ai least Y99, or af least 10404 identical to the

amino acid sequence selected from the group consisting of SEQ 1D NOS:85-124 or 185-193

{Table 2), wherein X1 for at least one second protein comprises an innumogenic portion of a

SARS-CoV-2 antigen or a variant or homolog thereof, X2 15 absent or an amino acid hinker,

and residues in parentheses are optional. The optional residues may be present, or some (1.e.

1,2,3.4, 5,6, or more) or all of the optional residues may be absent.

Table 2

Protain

fame

in parentheses

ot
V

GTFOEVK
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tn varions embodiments of this third aspect, the second proteins comprise an amino
acid sequence at least 93%, at least 96%, at least 97%, at least 98%, at least 99%%, or at least
100% identical to the anuno acid sequence selected from the group consisting of SEQ ID
NOS:85-88. In various other embodiments, the polypeptides comprise the amino acid
sequence selected from the group consisting of SEQ 1D NQOS: 85-88, or the group consisting
of SEQ TD NOS:E3-86, or SEQ ID NOS: 85, provided as exemplary embodiments i the
examples that follow.

The nanoparticles of this third aspect display on thelr surface an imnwunogenic portion
of a SARS-CoV-2 anfigen or a variant or howolog thereof, present i the at least one second
protein. in one embodiment, the inmnunogenic portion of a SARS-CoV-2 antigen or a variant
or homolog thereol is present as fusion protein with at least one second protein; it can be
present on a single second protein in the nasoparticle (present in a single copy on the
nanoparticle), or present in a plurality of second protemus present 1n the nanoparucle. In
various embodiments, the SARS-Co V-2 antigen or a variant or homolog thereo!l is present in
at least 20%, 30%, 40%, 50%, 60%, T0%, $0%, 90%, or 100% of the second proteins in the
nanoparticle.

In these fusion proteins, the second protein may be joined directly to the SARS-CoV-
2 antigen or a variant or homolog thereof, or the second protein and the SARS-CoV-2 antigen
of & variant or homolog thereof may be joined using a linker. As used throughout this
disclosure, a linker is a shost (e 9., 2-30) amino acid sequence used to covalently jom two
polypeptides. Any suitable linker sequence may be used, mcluding but not limited to those

disclosed herem.
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Any suitable SARS-CoV-2 antigen or a variant or homolog thereof may be used. In

one embodiment of this third aspect, X1 in at least 20%, 30%, 30%, 50%, 60%, T0%, 80%,

G0%, or HI0% of the second proteins comprises an amino acid sequence having at least 75%
8095, 83%, 0%, V1%, 92%, 93, 949, 95%, 96%, 979, 98%, 99%:, or 100% amino ackd
sequence identity to a Spike (S) protein extracelhidar domain (ECD) amino acid sequence, an
$1 subunit gmino acid segnence, an 52 subumit amine acid sequence, an S| receptor binding
domzain (RBD) amine scid sequence, and/or an N-tenninal domain (INTD) ainino acul
sequence, from SARS-CoV-2, or a variand or homoloyg thereof

Iy varions further embodiments, X1 in at least 200, 30%, 40%, 509, 60%, 70%
RO%, 20%, or 100% of the second proteins comprises an amino acid sequence having at least

T5%, §0%, 85%, Y%, 1%, 92%, 93%, 4%, 95%, 96%, 7%, 8%, 9%, or 100% amino

acid sequence identity to the amino acid sequence selected from the group consisting of SEQ

1D NOi125-137
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In one specific embodiment, X1 1 at feast 209, 30%, 40%, 30%, 60%, 70%, 80%,

o, 0 100% of the second proteins comprises an amino acid sequence having at least 75%,

RO%, %5%, 90%, D1%, 92%, D3%, 9495, 95%, ¢

b, 97%, 9R%G, 98%:, or 100% amino acid
equence identity to the amino acid sequence of SEQ 1D NO: 123, the SARS-CoV-2 RBD
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provided as exemplary embodiments in the examples that follow. In various embodiments,
X1 in at least 209, 30%,_ 40%, 50%, 603, T0%, B0%, 90%, or 100% of the second proteins
comprise mutations at 1, 2, 3,4, 5,6, 7, or all § positions relative to SEQ 1D NO:125 selected
from the group consisting of KOON, K90T, G195, Y126F, T1SH, 157K, E157A, S167P,
N174Y, and L123R, mcluding but not limited to mutations comprising one of the following
nanwally occurring mutations or combinations of nstations:

NI74Y (UK variant);

KOON/ELSTKINTTAY (South Aftican variang);

KOON or T/E1STIUN 7Y (Brazil variant): or

L125R (LA variant).

The amino acid residue manbering of these naturally ocourring varianis is based on
their position within SEQ 1D NO:125, while they are generally described based on thewr
residue number in the Spike protein (e K417 in spike = K90 in RBD; G446 i spike =
G119 10 RBD; 1452 m spike = LI125 in RBD; Y453 nspike = Y126 it RBD; T478 in spike
s TS in RBD, B484 in spike = E157 i RBD; $494 in spike = 5167 in RBD; N301 in spike
=N174 m RBD}.

Ta vartous furthey smbodiments, X1 in at least 20%6, 309, 40%, 50%, 60%, 70%,
8%, 90%, or 100% of the second proteins comprise mulations at 1,2, 3,4, 3,6, 7, orall 8
positions relative to SEQ 1D NO: 13 selected from the group consisting of L18F, TION,
P68, deletion of residues 69-70, DSOA, DIARY, R190S, D2I5G, K41TTN, K477, G468,
LASZR, Y453F, T4781, E484K, S494P NSGIY, AST0D, D644, HOS3SY, P6S1TH, ATOLV,
T7I6L including but not limited 1o mutations comprising one of the tollowing naturally
occorring mutations or combinations of mutations:

N3(LY, optionally further including 1, 2, 3, 4, or 5 of deletion of one ot both of
residues 69-70, AS70D, DAI4G, PORITH, and/or T716L (UK variant);

K4T7N/B4REONSIY, optionally further incledimg 1, 2,3, 4, or 5 of L18F, DROA,
D215G, DE14G, andior A701V (South African variant);

K41TN or T/E4RIK/NSOLY, optionally further including 1, 2, 3,4, or S of LIRF,
T20N, P26S, DI38Y, R190S, D614G, andior HO3SY  (Brazil variant); or

LASZR (LA variant).

As will be understood by those of skili i the art, when X1 comprises an amino acid
sequence having at least 75%, 808, 85%, D0%, 91%, 92%, D3%, 949, 95%, 90%:, 97%,

9894, 99% or 100% amuno acid sequence identity Lo the amino acid sequence of SEQ ID
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NO:125 (or any other disclosed antigen), it may include additional amino acids af the amino-
or carboxy-terminus. Thus, for example, when X1 comprises an amino acid sequence having
at least 75%, 80%: 83%¢, 9%, 91%, 92%, 930, 94%, 9%, 96%, 97%, D&% 09%, or 100%
amino acid sequence identity to the amino acid sequence of SEQ 1D NO:125, X1 may
comprise the amine acid sequence of SEQ 1D NO126, which includes additional amine acids
at its N-terminus relative to SEQ 1D NO:125.

tn a further embodiment, X1 o al least 20%, 30%, 40%, S0%, 60%, 70%, 80%, 90%,
or 1H30% of the second proteins comprise 1, 2, 3, or all 4 mutations relative io SEQ 1B
NO:125 selected from the group consisting of KON, K0T, 157K, and N174Y.

The pharality of second assemblies may i total comprise a single SARS-CoV-2
antigen, or may comprise 2 or more different SARS-CoV-2 antigen. In one embodiment, the
plarality of second assernblies 1 total comprises 2, 3, 4, 5,6, 7. &, or more different SARS-
CoV-2 antigens. In one exemplary such embodiment, the plurality of second assemblies in
total comprise 2. 3,4, 5, 6, 7, ¥, or more polypeptides comprising the amino acid sequence of
anv one of SEQ 1D NOS: -84,

I one embodanent, X1 1 at least 20%, 30%, 40%, 30%, 60%, 70%, 80%, 90%, or
H0% of the second proteins comprises the amine acid sequence of SEQ ID NO:125. Tn
another embodiment, X1 in 1P of the second proteins comprises the aming acid sequence
of SEQ TD NO: 125, and all second proteins are 1dentical.

in a further embodiment, all second assemblies comprise at least one second protein
comprisiag the amine acid sequence of any one of SEQ 1D NOS: [-84. In another
embodiment, all second proteins comprise the amino acid sequence of any one of SEQ ID
NOS: {-34.

The nanoparticles comprise a plurality of identical fivst proteins. Iy ong embodiment,

the first protein comprises an amine acid sequence at least 75%, B0%, 83%, 90%, 91%, 92%,

G394, 04%, 95%, 96%, 97%, 8%, 99%, or 100% identical to the amine acid sequence
selected the group consisting of SEQ 1D NOS:152-159, wherein residues in parentheses are
optional and may be present or some (Le: 1,2, 3,4, 5, 6, or more) or all of the optional
residues may be absent. In a specific embodiment, the first protein comprises an amino acid
sequence at least T3%, 80%, §5%, 00, 91%, 92%, 93%, 04%, 93%, 96%, 7%, 98%, 99%,

or 100%, identical to the amino acid sequence of SEQ ID NO:1SS.
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tn an exemplary embodiment, the first protein comprises the amino acid sequence of
SEQ I NO: 155, In varions Aurther such embodiments, the at least one or a phaality (20.%,
33%, 40%:, 50%, T5%, ete.) of the second assemblies comprises at least one second protein
comprising the amino acid sequence selected from the group consisting of SEQ ID NO:¥3-
5 &8, or all second assemblies comprise at feast one second protein comprising the amine acid
sequenge selected from the groep consisting of SEQ 1D NO:85-88,
tn one specific sbodiment,
{ay  the first protein comprises the aming acid sequenge of SEQ ID NO:155;
(b)  all second proteins comprise the anune acid sequence of SEQ 1D NO:§5,

10 whereln X1 in at least 2006, 30%, 40%, 30%, 60%, T0%, 80%, 90%, or 100% of the second
proteins comprise an aming acid sequence af least 73%, 80%, 85%, 90%, 9%, 92%, Y3%,
G494, 93%, G6%, 97%, 98, 09%, or 100% amino acid sequence identity 1o the amino acid
sequence of SEQ ID NO:125,

I another specific embodiment,
15 {a)  the first protein compeises the aming acid sequence of SEQ ID NO:153;
{b)  all second proteins comprise the amine acid sequence of SEQ 1D NGS5,
wherein X1 in at least 30%, 60%, 70%, 80%, 90%, or 1{0% of the second proteins comprise
an amino ackd sequence at least 5%, B096, K39, 90%, D196, 92%, 3%, 94%, 3%, 6%,
97%, 98%, 99%, or 100% amino actd sequence identity 1o the amine acid sequence of SEQ
20 IDNO23
tn a further specilic embodiment:
{a)  the first protein comprises the aming acid sequence of SEQ ID NO:155;
{b) ol second proteins comprise the amino acid sequence selected from the group
consisting of SEQ 1D NG -8
25 In one specific embodiment:
{a)  the first protem comprises the amine acid sequence of SEQ 1D NCx155;

(b} all second proteins comprise the amino acid sequence of SEG ID NO:1 or 5.

The disclosure further provides compositions, comprising a plurality of nanoparticles
30 of any embodiment or combination of embodiments of the disclosure. In one embodiment,
the compositions comprise a plurality of nanoparticles of the specific embodiments disclosed

above,
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In a fourth aspect, the disclosure provides nucleic acids encoding a polypeplide or
fusion protein of the disclosure. The nucleic acid sequence may comprise RNA {such as
mRNA} or DNA. Such nucleic acid sequences may comprise addittonal sequences usefud for
promoting expression and/or purification of the encoded protein, including but not Hnmted fo
polvA sequences, modified Kozak sequences, and ssquences encoding epiiope tags, export
signals, and secretory signals, nuclear localization signals, and plasma membrane locahization
signals. H will be apparent to those of skill in the art, based on the teachings hevein, what
nucleic acid sequences will encods the proteins of the invention,

In a fifth aspect, disclosure provides expression vectors comprising the 1solated
nucleie acid of any embodiment or combination of embodiments of the disclosure operatively
finked to a svitable control sequence. "Expression vecior” includes vectors that operatively
tink a nucleic acid coding region or gene o any control sequences capable of effecting
expression of the gene product. "Conttrol sequences” operably hinked to the nuclerc acid
sequences of the disclosure are nucleie acid sequences capable of effecting the expression of
the micleic acid molecules. The control sequences need not be contiguous with the nucleic
acid sequences, so fong as they fimchion to direct the expression thereof. Thus, for example,
intgrvening untranshsted yet wanscribed sequences can be present between a promoter
sequence and the nucleic acid sequences and the promoter sequence can still be considered
“operably Hinked” to the coding sequence. Other such control sequences include, but are not
{imited to, polvadenviation signals, termination signals, and ribosome binding sites. Such
expression vectors can be of any type known in the art, including but not finted to plasmid
and viral-based expression vectors. The control sequence used to drive expression of the
disclosed nucleic acid sequences in a mammalian system may be coustitutive (driven by any
of a variety of promoters, mcluding but not hmited to, CMV, SV40, RSV, actin, EF) or
inducible (driven by any of a sumber of inducible promoters including, but not limited to,
tetracveline, sedysone, steroid-responsive.

1n a sixth aspect, the present disclosure provides cells comprising the polypeptide, the
nanoparticle, the composition, the nucleie acid, and/or the axpression vector of any
embodiment or combination of embodiments of the disclosure, wherein the cells can be either
prokaryotic or eukarvotic, such as mammabian cells. In one embodiment the cells may be
transiently or stably transfected with the nucleic acids or expression vectors of the disclosure.
Such transfection of expression vectors fato prokarvotic and eukarvaetic cells can he

accomplished via any techuigue known in the art. A method of producing a polypeptide
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according to the invention is an additional part of the invention, The method comprises the
steps ol (a) culturing a host according to this aspect of the invention under conditions
conducive to the expression of the polypeptide, and (b} optionally, recovering the expressed
polypentide.

In a seventh aspect, the disclosure provides pharmacestical compositionsfvaccings
comprising
(&)  the polypeptide, the nanoparticle, the composttion, the nuckeic acid, the
expression vector, andfor the cell of embodiment or combingtion of embodiments herzin; and

(b) g pharmaceutically acceptable carrier.

As shown i the examples that follow, the nanoparticle mmunogens elicit potent and
proteciive antibody responses against SARS-CoV-2. The nanoparticle vaccines of the
disclosure induce neutralizing antibody titers roughly ten-fold higher than the prefusion-
stabilized S ectodomain timer despite a move than five-fold lower dose. Antibodies elicted
by the sanoparticle mmnunogens tarpet multiple distinet eptiopes, sugpesting that they may
not be easily susceptible to escape mutations, and exhibit a significantly lower
bindmgmeutralizing ratio than convalescent husnan sera, which may minimize the nisk of
vaceing-asseciated enhanced respiratory disease.

The compositions/vaccines may further comprise (a) & lvoprotectant; () a surfactant;
(e} a bulking agent; (d} a tonicity adiusting agent; (e} a stabilizer; (D) a preservative and/or {g)
a buffer. In some embodiments, the buffer in the pharmacentical composition is a Tris buffer,
a histidine bulfer, a phosphate buffer, 8 citrate bufler or an acelate buffer. The composition
may also include a broprotectant, e.g. sucrose, sorbitol or trehalose. In certain embodiments,
the composition includes a preservative e.g. benvalkomuom cliloride, benvethoniam,
chlorphexidine, phenol, n-cresol, benzyl alcohol, methylparaben, propylparaben,
chlorobutanod, o~cresol, p-creseol, chiorocresel, phenyvimercuric aitrate, thimerosal, benzoic
acid, und various mixtwres thereof. In other embodiments, the composition incledes a bulking
agent, like glycine. In vet other embodiments, the composition includes a surfactante.g
polvsorbate-20, polysorbate-48, polysorbate- 60, polysorhate-63, polysorbate-R8 polysorbate-
83, poloxamer-188, sorbitan monolaurate, sorbiian monopalmitate, sorbitan monostearate,
sorbitan monooeleate, sorbitan irikurale, sorbitan tristearate, sorbifan {rioleaste, ov a
combination thereof. The composition may also inclade g tonicity adjusting agent, e.g., a
compound that renders the formulation substantially isotonic or isoosiotic with human

blood. Exeruplary tonicity adjusting agents include sucrose, sorbitol, glycine, methioine,
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manaitol, dextrose, mostiol, sodium chloride, arginine and arginine hvdrochloride. In other
embodiments, the composition additionally inclades a stabiliver, e ¢, a molecule whick
substantially prevents or reduces chemical andior physical mstability of the nanostructure,
fvophilized or liquid form. Exemplary stabilizers inchide sucrose, sorbitod, glveing, inositol,
sodinm chloride, methionine, arginine, and arginine hydrochloride.

The nanoparticles may be the sole active agent in the composition, or the composition
may further comprise one or more other agents suttable for an wiended use, including but not
timited io adjuvants 1o stinvlate the immune system generally and improve immuge
responses overall Any suitable adjuvant can be used. The term "adjuvant" refers to a
compound or mixture that enhances the immune response to an antigen. Exernplary adjuvants
include, but are not limited to, Adju-Phos™, Adjumer™ albumin-heparin microparticles,
Algal Glucan, Algammndin, Alum, Antigen Formulation, AS-2 adjuvant, autologous dendritic
cells, autologous PBMC, Avridine™ B7-2, BAK, BAY R1003, Bupivacaine, Bupivacaine-
HCL BWZL, Caleiriol, Calcium Phosphate Gel, CCRS peptides, CFA, Cholera holotoxin
(CTy and Cholera toxin B subanit {CTB), Cholera toxin Al-subenii-Protein A D-fragment
fusion protein, CpG, CRL1003, Cytoking-contanuing Liposomes, D-Murapalmiting, DDA,
DHEA, Diphtheria toxoid, DL-PGL, DMPC, DMPG, DOC/Alum Complex, Fowlpox,
Fraund's Complete Adjuvant, Ganima Inalin, Gerby Adjuvant, GM-CSF, GMDP, hGM-CSF,
BIL-12 {N222L}, hTNF-alpha, IFA, [FN-gamma 0 pcDNA3, 1L-12 DNA, 11.-12 plasmid, IL-
12/GMOSF plasmid (Svkes), 1L-2 in pcDNAS, IL-2/1g plasouid, IL-2/1g protein, IL-4, 1L-4 1n
peDNAZ, Imiquimed™, TmmTher ™™, Immunoliposeines Containing Antibodies o
Costimulatory Molecules, Interferon-gamma, Interleukin-1 beta, Interleukin-12, Interleukin-
2, Interdeukin-7, ISCOM{s)}™, Iscoprep 7.0.3"™, Keyhole Limpet Hemocyanin, Lipid-based
Adjuvant, Liposomes, Loxoribing, LT{R1D22G), LT-04A or LT Oral Adjuvany, LT-R192G,
LTKe3, LTK72, MF39, MONTANIDE 1SA 51, MONTANIDE ISA 720, MPL.TM., MPL-
SE, MTP-PE, MTP-PE Liposomes, Murametide, Murapalnitine, NAGO, nCT native Cholera
Toxin, Nonfontc Surfactant Vesicles, non-togic mutant B112K of Cholera Toxin mC¥-
EY12K, p-Hydroxybenzoique acid methyl ester, pCIL-10, pCIL12, pCMVmCATIE, pCMVN,
Peptomer-NP, Pleuran, PLG, PLGA, PGA, and PLA, Phuronic L121, PMMA, PODDS™,
Poly rA: Poly rU, Polysorbate 80, Prolein Cochleates, QS-21, (headsi A sapounin, Quil-4,
Rehydragel HPA, Rehvdrage! LV, RIBI, Ribilike adjuvant system {MPL, TMD, CWS), §-
28463, SAF-1, Sclavo peptide, Sendai Proteoliposomes, Sendai-contaming Lipid Matrices,

Span 85, Specol, Squalane 1, Squalene 2, Stearyl Tyrosine, Tetanus toxoid (TT},
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Theramide™, Threonyl muramyl dipeptide {TMDP), Ty Particles, and Walter Reed
Liposomes. Selection of an adjuvant depends on the subject to be treated. Preferably, a
pharmaceutically acceptable adjuvant is used.

In an eighth aspect, the disclosure provides methods to treat or linut development of a
SARS-CoV-2 infection, comprising administering {o a subject in need thereot an amount
effective fo treat or linut development of the infection of the polypeptide, nanoparticle,
composition, nucleic acid, pharnaceutical compasition, or vaccine of any embodiment herein
(referred {0 as the “immunogenic composition”™). The subject may be any suitable
manumalian subject, inchuding but ot Himited to a human subject.

When the method comprises limiting a SARS-CoV-2 infection, the immunogenic
composition is adnunistered prophyiactically to a subject that is not known o be infecied, but
may be at risk of exposure to SARS-CoV-2. As used berein, "hniting development”
inclades, but is not limited to accomplishing one or more of the lollowing: (a) generating an
immung response {amytibody and/or cell-based) to of SARS-CoV-2 i the subject; ()
generating nentralizing antibodies against SARS-CoV-2 in the subject (b} hmiting build~up
of SARS-CoV-2 tiger m the subject aftey exposure to SARS-CoV-2; and/or (¢} limiting or
preventing development of SARS-CoV-2 symiptonss after infeetion.  Excwmplary symptoms
of SARS-CoV-2 mnfeciion include, but are not limiied to, fever, fatigue, cough, shortaess of
breath, chest pressure anddor pain, loss or diminution of the sense of smell, loss or diminuton
of the sense of taste, and respiratory issues inchuding but not limited to preumonia,
bronchitis, severe acute respiratory syndrome {SARSY, and vpper and lower respiratory tract
nfections.

In one embodiment, the methods generate an tmimune response i a subject n the
subject not known to be infected with SARS-CoV-2, whersin the immune response serves to
timit development of infection and symptoms of a SARS-CoV-2 infection. In one
esnbodiment, the immune response comprises generation of neutralizing antibodies against
SARS-CoV-2. Inan exemplary such embodiment, the immane response comprises
generation of SARS-CoV-2 spike protein antihody-specific responses with a mean geometric
titer of at least 1 x 10°, In g further embodiment, the immune response comprises generation
of antibodies against anduple antigenic epitopes.

As used herein, an “effective amount” refers to an amount of the immunogenic
composition that is effective for reating and/or limitheg SARS-CoV-2 infection. The

polypeptide, nanoparticle, composttion, nucleie acid, pharmaceutical composition, or vaccine
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of any embodiment hergin are typically fornwlated as a pharmaceutical composition, such as
those disclosed above, and can be administered via any suitable route, including orally,
parentally, by mhalation spray, recially, or topically 1 dosage unit formulations containing
conventional pharmaceutically acceptable carriers, adjuvants, and vehicles. The term
parenteval as used herein includes, sebhoutancous, infravenous, intra-arterial, intramuscalar,
intrasternal, intratendinous, inwaspingl, intracranial, intrathoracic, infusion technigues or
intraperitonsally. Polypeptide compositions may also be adminisierad via microsphergs,
hiposomes, imnne-stimulating complexes (ISCOMs), or other microparticulate delivery
systerns or sustained release formulations introduced into suitable tissues {such as blood).
Dosage regimens can be adjusted to provide the optimum desired response (e.2., 4 therapeutic
or prophyvlaciic response). A suitable dosage range may, for instance, be (L1 pgdke-100 makg
body weight of the polypeptide or nanoparticle thereof The composition can be delivered in
a single bolus, or may be administered more than once (e.g., 2. 3, 4, 3, or more times) a3
determined by attendmg medical persomnel

tn one embodiment, the administering comprises administering 2 {irst dose and a
second dose of the immumnogenic composition, wherein the second dose is administered about
2 wesks to about 12 weeks, or about 4 weeks to about 12 woesks after the st does i3
adminisiered. In various further embodiments, the second dose is adminisiered about 2, 3, 4,
5,6,7.8,9, 10, 11, or 12 weeks after the first dose. In another embodiment, three doses may
be adnuinistered, with a second dose administered about 1,2, 3,4, 5,6, 7,8, 9,16, 11, or 12
weeks after the first dose, and the third dose admingstered about 1,2, 3,4, 5,6, 7, 8, 9,10, 1},
or 12 weeks after the second dose.

n various other embodiments of prime-boost dosing, the administering comprises

{a}  adwinistering a prime dose to the subject of a DNA, mRNA, or adenoviral
vector vaccine, wherein the DNA, mRNA, or adenoviral vector vaccine encodes an amino
acid sequence having af Jeast 73%, 80%, 85%, 00%, G1%, 92%, 93%, 94%, 95%, 96%, 97%,
B, 99%, or 100% anuno acid sequence ideniity 1o the amino acid sequence of SEQ ID
NOA25-137; and

{b)  administering a boost dose 1o the subject of the polypeptide, nanoparticle,
composttion, nucieic acid, pharmacentical composition, or vaccine of any embodiment or
combination disclosed herein,

o an alternative embodiment, the administering comprises
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{a)  administering a prime dose {o the subyect of any embodiment or combination
disclosed herein; and

(b}  adminstering a boost dose to the subject of @ DNA, mRNA, or adenoviral
vector vaccine, wherein the DNA, mRNA, or adenoviral vector vaccine encodes an amino
acid sequence having at Joast 73%, 80%, 85%, 00%, 1%, 92%, 93%, 04%, 95%, 96%, 97%,
B¥%5, 99%, or 100% amino acid sequence identity 1o the amino gcid sequence of SEQ ID
NO:125-137.

in either of these embodiments, any sutiable DNA, mRNA, or adenoviral vector
vaccine may be ased in conjunction with the imnumogenic compositions of the present
disclosure, iIncluding but not imited o vaccines to be developed as well as those availahle
from Moderna, Phizer/BioNTech, Johnson & Johnson, gic.

In another embodiment of the methods, the subject 13 mfected with a severe acute
respiratory (SARS) virus, inclading but not linmited to SARS-CoV-2, wherein the
administering elicits an immune response agamst the SARS virus in the subject that treats a
SARS virus mfection in the subject. When the method comprises treating a SARS-Co V-2
mfection, the smanogemc compositions are adnunistered to a subject that has already been
infected with SARS-CoV-2, and/or who is suffering from syrmptomnss (as described above)
indicating that the subject is likely  have been infected with SARS-CoV-2,

As used berein, "treal” or "treating” includes, but s not limited to accomplishing ong
or more of the following: (a} reducing SARS-CoV-2 titer in the subject; (b) limiting any
merease of SARS-CoV-2 titer in the subject; {¢) reducing the severity of SARS-CoV-2
sympioms; {d) imting or preventing development of SARS-CoV-2 symptoms after
mfection; {¢) inhbiting worsening of SARS-CoV-2 sympions; (fy limiting or preventing
recurrence of SARS-CoV-2 symptows in subjects that were previously symptomatic for
SARS-CoV-2 infection; andfor (e} survival,

The disclosure furthey provides kits, which may be used {o prepare the nanoparticles
and compositions of the disclosure. In one embodiment, the kits comprise:

{a)  the polypeptide of any embodiment or combination of smbodiments disclosed
herein, such as in the first aspect; and

{b) o first prolein comprising an anine acid sequence at least at least 75%, 0%,
R3%, 90%, D194, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99%, or 100% identical to the
amino acid sequence selected the group consisting of SEQ 1D NOS:132-159, wherein

residues in parentheses are optional and may be present or absent.
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in one embodiment, the polvpeptide comprises the aming acid sequence of SEQ 1D
NO:Y or §, and the first protein comprises the amino acid sequence of SEQ 1D NO: 155,
In another embodiment, the kits comprise:
{a)  awnucleic acid encoding the polypepiide of any embodiment or combination of
5 embodiments disclosed hevein, such as in the first aspect; and
{b)  anucleic acid encoding first protein comprising an amino acid sequence at
teast at least 75%:, 80%, R3%, 90%, 1%, 92%, 93%, 4%, 93%, 96%, 97%, O8%, 99%, ov
100% identical (o the amino scid sequence selected the group consisting of SEQ 1D
NOS:152-139, wherein residues in parentheses are optional and may be present or absent.

10 o poe embodiment, the polypeptide comprises the amino scid sequence of SEQ ID

NQ:1 or 5, and the first protein comprises the amino acid sequence of SEQ 1D NO: 155,

in a firther embodiment, the kits comprise:

{a)  anexpression vector comprising a nucleic acid encoding the polypeptide any
embodiment or combmation of embodiments disclosed herein, such as m the fivst aspect,

15 operatively linked to a suitable control sequence; and

(b)  anexpression veclor comprising a nucleie acid encoding first protein
comprising an amino acid sequence at least at least 73%, B0, §5%, 90%, 91%, 92%, 934,
949, 95%,, 96%, V7%, 98%, 99%, or 100%: identical to the amino acid sequence selected the
group conststing of SEQ D NOS:132-159, wherein residues in parentheses age oplional and

20 may be present or absent, wherein the nucleic acid is operatively linked 1o a suitable conirol
sequence.

in one embodiment, the polypeptide comprizses the amino acid sequence of SEQ 1D
NO: or §, and the first protein comprises the amino acid sequence of SEQ 1D NG 155,

n another embodiment, the kits comprise:

25 {a}  acell comprising an 2xpression vector, wherein the expression vector
comprises a nucleic actd encoding the polypepiide any embodiment or combination of
entbodiments disclosed herein, such as in the first aspect, operatively linked to a suitable
control sequence; and

{b)  acell comprising an expression veetor, wherein the expression vegior

30 comprises a nucleic acid encoding frst protein comprising an amine acid sequence af least at

feast 73%, R0%, 85%. 90%, 91%, 92%, Y3%, 94%, 5%, 96%%, 97%, 98%, 9%, or 100%

identical {0 the amino acid sequence selected the group consisting of SEQ 1D NOS152-159,
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wherzin residues in parentheses are optional and may be present or absent, wherein the
nucleic acid is operatively linked to a sutable control sequence.
In one embodimant, the polypeptide comprises the ammo acid sequence of SEQ ID

NQO:1 or 5, and the first protein comprises the amino acid sequence of SEQ 1D NO: 153,

Examples

Elicitation of potent neutralizing antibody responses by designed profein manoparticle

vaccines for SARS-CoV-2

Summary

A safe, effective, and scalable vaceine is wgently needed to hall the ongoing SARS-
CoV-2 pandennic. Here, we describe the structore-based design of self-assembling protein
nanoparticle immunogens that elicit potent and protective antthody responses agatast SARS-
CoV-2 m mice. The nanoparticle vaccines display 60 copies of the SARS-CoV-2 spike (S)
glveoprotein receptor-binding domain (RBD} in a highly tmaumogenie array and mduce
neutralizing antibody titers roughly ter-fold higher than the prefusion-stabilized 8
ectodomain trimer despite a more than five-bld lower dose, Antibodies elicited by the
nanoparticle immumogens target multiple distinct epitopes on the RBD, suggesting that they
may not be easily susceptible to escape mutations, and exdubit a sigmificantly lower
bindingneutralizing ratio than convalescent human sera, which may minimize the risk of
vaccine-associated enhanced respiratory disease. The high vield and stability of the protein
components and assembled nanoparticles, especially compared to the SARS-CoV-2
prefusion-stabilized S trier, indicate that manafacture of the nanoparticle vaceines will be

highty scalable.

Design, In Vitro Assembly, and Characterization of SARS-CoV-2 RBD Nanoparticle
bnmunogens

To design vacrine candidates that induce potent neniralizing Ab responses, we
focused on the RBD of the SARS-CoV-2 S glyvcoprotein {Figure 1A-B). To overcome the
Himited imnmnogenicity of this small, monomeric antigen, we multivalently displaved the
RBD on the exierior surface of the two-component protein nanoparticle 153-530. {53-5d isa

computationatly designed, 28 nm, 120-subumit conplex with jcosahedral symmetry
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constructed from trimerie (153-50A) and pentameric {153-30B} compenents {all ammno acid
sequences provided in Table 3). The nanoparticle can be assembled i vitro by simply mixing
independently expressed and purified [53-50A and 153-30B. The RBD ({residues 328-531)
was genetically fused to 153-30A wsing linkers comprising &, 12, or 16 glveine and serine
residues (hereafter referred to as RBD-R8GS-, RBD-12GS-, or RBD-16GS-153-30A) to snable
flexible presentation of the antigen extending from the nanoparticle surface (Figure 1Q). All
RBD-I53-50A consiruets were recombinantly expressed using mammalian (Expi293F) cells
1o ensure proper thlding and glycosvlation of the viral antigen. {nitial vields of purified RBD-
153-50A proteins (~30 mg parified protein per liter Expi293F cells) were ~20-fold higher
than for the prefusio-stabilized S-2P trimer (Kirchdoerfer ot al., 201 8; Pallesen et al,, 2017,
Walls et al., 202¢8; Wrapp et al., 2020) (~1.5 nw/L), and increased to ~60 mg/L following
promoter optimization. The RBD-1S3-504A proteins were mixed with pentameric 1533-S0B
purified from £ coli ina ~11 molar ratio (subunit:subumt) o initiate nanoparticle assembly
(Figure 1D}

Table 3. Amino acid sequences of proteins used in this work (See figures 1-6)

JARWERAGVLAW
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Size-exclosion clwomatography (SEC) of the SARS-CoV-2 RBD-153-30
nanoparticles revealed predominamt peaks corresponding to the target icosahedval assemblies
and smatler peaks comprising residual unassembled RBD-153-30A components (Figures TA
and 78). Dynamic light scatiering (DLS) and negative stain electron mucroscopy (nsEM)
conltrmed the homogeneity and monodispersity of the various RBD-153-50 navoparticles,
both belove and after freeze/thaw (Figures 1E, IF, and 7C). The average hvdrodynamic
diameter and percent polydispersity measured by DLS for RBD-8GS-, RBD-12G5-, and
RBD-16(S-153-50 hefore freezefthaw were 38 5 (27%), 37 (21%), and 41 (27%) am,
respectively, compared to 30 {22%;) rm for unmodilied 153-50 nanoparticles.
HydrogenDeuterinm-exchange mass spectromeiry conlirmad that display of the RBD on the
frimeric RBD-8GS-153-30A component preserved the conformation of the antigen and
structaral order of several distinct antibody epitopes (Figures 1G and 7D). Finally, we used
glycoprotenmics io show ihat all three RBD-IS3-30A components were N-glycosylated at
positions N331 and N343 similarly to the SARS-CoV-2 5-2P ectodomain trimer (Watanabe
etal, 2020), again snpeesting that the displayed antigen retained its native antipenic

properties (Figare 1H and 7E).

PCT/US2021/017799

Table 4. Antigenic Charactervization of SARS-CoV-2 REBD-153-50A Components

Antigen Binder Koo (M7 57 d_ { s“) Kp (oM

SARS-CoV2RBD | hACE2 TG Se 107 <107 Mu* w08
CRIN22 Fab : : 9% {7 & 3Ix ey 4305

RBD-8GS-153-50A | hACE2 T e 1 M 03
CR3022 Fab 1107 % 3x107 37w 0.4

RBD-12GS153-304 | hACE2 Sxi0 & pelpd TR0
CR322 Fab

‘j”ioi“-“-— ')X}fj 42+ 0.4

RBD-16GS-153-30A |+ hACE2 <HY 4% 10”

CR3O22 Fab Ekl{i‘ & 171
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Each experiment was performed at least twice, and the valoes and fitting ervors
presented are derived from o representative experieent. The corresponding binding curves

andd fits are presented i Fig, &

Antigenic Characterization of SARS-CoV-2 RBD-153-50 Nanoparticle Conponents and
Immunogens

We used recombinant human ACE2 ectodomain and two S-specific mAbs (CR3022
and S309) to characterize the antigenicity of the RBD when fused to 153-50A gs well as the
accessibility of nuliiple RBD epitopes in the context of the assembled nanoparticle
imnmnogens. CR3022 and S309 were both isolated from individuals infected with SARS-
CoV and cross-react with the SARS-CoV-2 RBD. CR3022 15 a weakly neutralizing Ab that
binds to a conserved, crvptic epitope in the RBD that becomes accessible upon RBD opening
but is distinct from the receptor binding motif (RBM), the surface of the RBD that interacts
with ACEZ (Huo et al., 2020; ter Mewlen et al., 2006, Yuan st al., 2020} S309 neutralizes
both SARS CoV and SARS-CoV-2 by binding 1o 4 glvcan-containing epitope that is
conserved amongst sarbecoviruses and accessible i both the open and closed prefusion S
conformational states (Pinto et al., 2020},

We ased bio-laver imterferometry (BLI) to confirm the binding alfimities of the
monomeric haman ACE2 (hACE2) ectodomain and the CR3022 Fab for the monomeric
RBD. Equilibrium dissociation constants {Ko) of these reagents for immobilized RBD-153-
S0A fasion proteins closely matched those obtained for the monomeric RBD (Table 4 and
Figure R). These data further confirm that the RBD-I53-30A fusion proteins display the RBD
in its native conformation.

To evaluate the possibility that the magnitude and quality of nanoparticle
imnnmogen-ehicited Ab responses can be modulated by the accessibility of specific epitopes
i the context of a dense, mubtivalent antigen array, we measured the binding of the
nanoparticle immunogens to nmobilized dimeric macaque ACEZ {mACE2-Fe) and the
CR3022 and S30Y mAbs, the fatter of which roughly mimics the B cell receptor {(BCR)-
antigen interaction that is central to B cell activation. This approach does not allow the
caleulation of Ky values due to the multivalent nature of the interactions, but does enable
quatitative comparisons of epitope accessibility in different nanoparticle constructs, We

compared the full-valency nanoparticles displaying 60 RBDs to a less dense antigen arvay by
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leveraging the versatility of f# vifro assembly to prepare nanopariicle impunogens displaying
the RBD antigen at 50% valency {~30 RBDs per nanoparticle) (Figure 9. This was achieved
by addimg pentamerte [53-30B to an equimolar misture of RBD-153-30A and unmodified
1533-50A lacking fused antigen. We found that all of the RBD nanoparticles bound weli to the
wnmobilized mACE2-Fe, CR3022, and S30% (Figure 2A). Although there were no consistent
trends among the 50%, and 100% valency RBD-8GS- and RBD-12G8-153-50 nanoparticles,
the 100% valency RBD-16GS-153-30 nanoparticles resulied in the highest binding siguals
againsi all three binders (Figure 2B). It is possible that the longer linker in the RBD-16GS-
153-56 nanoparticle enables better access 1o the epitopes targeted by ACE2, CR3022, and
5309, although nur data cannot rude out other possibile explanations. We conclude that
mualtiple distinct epitopes targeled by neutralizing antibodies are exposed and accessible for

binding in the context of the RBD antigen array presented on the nanoparticle exterior.

Physical and Antigenic Stability of RBD Nanoparticle Immunogens and 8-2P Trimer
We first used chenical denaturation in guanidine hydrochloride (GdaHCl) fo
compare the stability of the RBID-153-504 fuston profeins and RBD-12GS-153-5¢
nanoparticle inmunogen to recombinant monomeric RBD and the S-2P setodomain wimer
(Figure 3A}, Flyorescence emission specira from sampley incubated in 0-6.5 M GdnHCl
revealed that all three RBD-IS3-304A [usion profeins and the RBD-12GS-153-50 nanoparticle
undergo a transition between 4 and § M GdnHC1 that indicates at least partial unfolding,
whersas the §-2P trimer showed a fransition at lower |GdnHCH, between 2 and 4 ML The
monomeric RBD exhibited a less cooperative unfolding transition over 0-5 M GdnHCL We
then wsed a suite of avalytical assays to monitor physical and antigenic stability over four
weeks post-putification at three teraperatures: <-70°C, 2-8°C, and 22-27°C (Figure 3B-E).
Consistent with previous reports, the monomeric RBD proved guite stable, yielding little
change in appearance by SDS-PAGE (Figure 10A), mACE2-Fe and CR3022 binding {Figure
108), or the ratio of UVivis absorption at 320/280 nm, a measure of particulate scattering
(Figurg 10C). The S-2P trimer was unsiable at 2-8°C, exhibiting clear signs of unfolding by
nsEM even at early time points (Figure YD), {f maintained its structure considerably better at
22-277C unul the fatest tme pomt {28 days), when wnfoldimg was apparent by nsEM and
UVivis indicated some aggregation (Figure 10C). All three RBD-I33-50A componenis were
highly stahle, exhibiting no substantial change i any readout at any time potat {data not

shown}. Finally, the RBD-12GS-153-50 nanoparticle was also quite stable over the four-week
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study, showing changes only i UV/vis absorbance, where a peak near 320 nm appeared affer
7 days at 22-27°C (data not shown). Electron micrographs and DLS of the RBD-12GS-153-
30 naneparticle samples consistently showed monodisperse, well-formed nanoparticies at all
temperatures over the four-week period (Figures 10D, 10E). Collectively, these data show
that the RBD-I53-304 components and the RBD-12GS-153-50 nanoparticle have high

phystcal and antigenic stability, superior to the §-2P ectodomain triver.

RBD-153-50 Nanoparticle Immunogens Elicit Potent Neutvalizing Antibody
Respenses in BALB/c and Human Immune Repertoire Mice,

We compared the immunogenicity of the thrge RBD-153-50 nanoparticles, gach
displaving the RBD at either 30%: or 100% valency, to the S-2P ectodomam trimer and the
mononeric RBD in BALB/c mice. Groups of ten mice were immunived inframuscularly at
weeks 0 and 3 with AddaVax™-adjuvanied formualations containing either 0.9 or 5 pg of
SARS-CoV-2 antigen i either soluble or particulate form. Three weeks post-prime, all RBD
nanoparticles elicited robust S-specific Ab responses with geometric mean reciprocal half-
maximal effective concentrations ranging between 8% 10¢ and 1%10° (Figure 4A). In contrast,
the monomeric RBD and the low dose of 8-2P irimer did rot induce detectable levels of 8-
specific Abs, while the high dose of $-2P trimer elicited weak responses. Following a second
unmanization, we observed an enhancement of S-specilic Ab titers for all RBD nanoparticle
aroups, with geometric mean titers (GMT) ranging from [x10° 1o 2x10% (Figure 4R). These
tevels of S-specific Abs matched or exceeded most samples from a panel of 29 COVID-19
homan convalescent sera {HCS) from Washington state and the benchmark 20130 COVID-
16 plasma from NIBSC {Figure 4A-B, Table S). Tmmumization with two 3 ug doses of S-29
trimier induced S-specific Ab responses ~1-2 orders of magnitude weaker than the RBD
nanoparticles, and the monomeric RBD did not elici detectable antigen-specific Abs afier
two immunizations. As expected, we also detecied an Ab response to the 133-3¢ scaffold,
which was constant in magnitude across all RBD nanoparticle groups (Figare 11} These data
indicate that multivalent display of the RBD on a self-assembling vanoparticle scaffold

dramatically improves its immunogenicity,

Table 5. Source of patient convalescent sera

Hospitalized Nut Hospitalized | Overall
{N=4) {(N=22) {N=26}
Age
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Meart (SD) 5.0 (15.1) 451 (17.2) 471 (0.0
Median [Min, Max] 48 358, 6701 | 436 1K1, 6] | 454 [18.1. 76,01

Sex

Male 123 0%} 11 {50.0%) 12 {46, 2‘\;,\
Female 3(75.0%) 1] (50.0%) %
Race

Asian 1{235.0%) 29 1%)

Black or Afiican

American P {25.0%) O {0%) 1{3.8%)
White 2 {50.0%) 20 (90.9%) 22 {84.6%)
Hispanie cthaicity  (0%) [ (4.5% 1 (3 8%
Insurance

Private 3 (G0N 17 ('?‘,“'. 20 (76.9%)
Government L{23.0%) 322 H{23.1%)
Housing Type

House/condodownhouse | | (23.0%) 3 (22.7%) 6{231%)

Apariment

3 (75.0%)

17 (TT’,S%)

20 (76.9%)

House members

2 people 1(25.0%) 11

3 people 12800 2

4 neople 0 (0% 29 1%) 2

3 people 3 {(%%) 2 (3.5 2

& or mere people 1{25.0%) 2(9.1%:} 3

1 1ive by mysell 1(25.0%) S{22.7%) 6
Snroking

Nonsmoker 4 (100%) 19 (86.4%) 23 {8R.59%)
Tobaceo use 0 {0%) 3 13.6%: 3{11.5%)
Electronic

cigargttes/ vapor pen nse | 8 (0%) 1 {4.5%) 1(3.8%)

Received 2019-2020
Influcnza vaccine

{(N=23) 2 {56L.0%) 16 (72.7%) 18{69.2%)
Enmplaved

Retired 125.0%3 @ (1%%) 1 {3.8%)
Self-emploved 150%) 4 (18.2%) 3(19.23%
Unemployed 0 {0%) 29.1%) 2.7

Yes, and [ would be

paid for howrs missid

2 (50.0%)

{2 {34 5%

14 (53.8%)

Yes, but { would not be

paid for hours missed 0 (0%) 4 (18.2%) 4 (15.4%3
Highest Level of

Medical Treatment

Received

Outpation! - Testing

Only {1 {0%) 13 {6R.2%) 15 (57.7%)
Outpatient » Saw

Provider®* 0 (0%) T{31.8%) 7 (26.9%)

Inpatient (General

Floar) 2{30.0%) 0 {0%:3) 2779
Inpatient JCU) 2 (30.0%) 3 {0%9) 2{7.7%)
Comorbidities™
No comaorbidities 1{25.0%) 20 (90.9%,)
Hyperiension 2(50.0%) 2 (9. 1%)
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Diabates 2 (3009 3 (0% 2(7.7%;
Cardiovascalar disease | | (23.0%) 0 {0%) 1 348%)
Chronic kidoey disease | 1 {25.0%0) & {019%) 1(3.8%)
Cardiovascular disease | 1{23 U%%) 0 (0% 1(3.8%)
HIV 1{25.0%) (¢ {0%) 1 (3.8%%)
Highest Level of

Respiratory Support

Nong 1{25.0%) 22 (10090 23 {88.5%)
Non-fnvasive

ventilsiion (BiPAP) L 25.0%:) § (%) 1 {3.8%%)
Mechanical

ventilation/intubation 2 (30 0%} O ((9) 2{7.7%3
Travel out of state in

Tast 30 days (N=23) 0 (0%) 4 (18.2%) 4 (15.4%:
Sympioms™

Fecling feverish 3{75.0%) 15(68.2%) 18 {69.2%)
Cough 4 (100%) L7477 3%) 21 (RO.8%)
Chills or shivering 3 {T5.0%} 13 (68.2%) I8 {68.2%)
Sweats 2 (30.0%) 14 (63.6%) 16 (61.5%)
Sore throat or

sichv/scraichy throat 0 {0%) 13 {48 8%) 16 {38 x“«,)
Nausea or vomiiing 125 0% 3(13.6% 4 (15.4%)
Runny or stufly nose P{25.0%) 13 (30.1%) 14 {53.8%)
Muscle or body aches 2 030.0%) 15 (68.2%) 17 {65.4%)
Inereased trouble

breathing (TS .08 2 8 (30.8%}
Fatigue 2 (50.09%) l"{ 77.3%) 14 {73.1% u}
Diarrhea 2 (30.0%:) 6 (27.3%) % (30.8%)
Rash 0 (0% 1 {4.5%) 1(3.8%)
Ear pain or car

discharge 0 {0%) §(45%) 1{3.8%
Loss of sense of taste or

smell 0 (0%) 7 (31.8%3 T(26.9%)

*Categorios not mutually exelasive
**Inchudes Primary Care Physician, Urgent care, Emergency Depattment

We protolyped potential human anttbody responses to the RBD wanoparticle

Th T

innnunogens using the Kymab proprietary IntelliSelect™ Transgenic mouse platform (known

as ‘Darwin’} that is transgenic for the non-rearranged human antibody vartable and constant

region germline repertoire, In contrast (o previons mice with chimeric antibody loci that have

been described (Lee st al, 2014}, the mice in the present study dilfered in that they were
engineerad to express fully human kappa Heht chain Abs. Groups of five Darwin mice were
wnmanized intramuscularly with §-2P trimer, 1009 RBD-12GS-, or 194 RBD-16GS-153-
50 navoparticles atantigen doses of 0.9 ug (panoparticles only} or § gg (Figure 40). All
groups imnwiized with RBD nanoparticles elicited S-divected Ab responses post-prime

(ECss 2x10%-1x 10%) that were substantially boosted by a second immunization at week 3
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{ECso ranging from 4x 107 to 8x10%) {Figures 4C and 4D}, in this animal modet, the 5-2P
trimer elicited levels of S-specific Abs comparable to the RBD nanoparticles after each
immunization.

We then evaluated the neutralizing activity elicited by each immunoges using both
pseudovirus and live viros neutralization assays. In BALB/c mice, all RBD nanopatticle
innanogens eheited serum neutralizing Abs after a single mmunization, with reciprocal
half-maximal inhibition dilutions (ICse) ranging fom {x10% to SxF (GMT) in pseudovirus
and 3x10 1o 7+ 10% in Hive virus nentralization assays {Figure 5A and 5C). No significant
differences in pseudovirus or Hive virus neutralization were ohserved between low or high
doses of RBD-RGS-, RBD-12GS-, or RBD-16GS-153-50 nanoparticles at S0% (pseudoviras
neutralization only} or HHP% valency, i agreement with the S-specilic Ab data. The GMT of
all three 100% valency RBD nanoparticle groups matched or exceeded that of the panel of 29
HCS tested in the pseudovirus neutralization assay (Figure SA). Immunization with
monomeric RBD or 8-2P trimer did not elictt neutralizing Abs after a single
immunization{ Figures A and 5C). As in BALB/¢ mive, both high and low doses of the
RBD-153-50 nanoparticles m Darwin muece elicied pseudovirus neafralizing Ab tiers (1Cs¢
810 t0 2.5x10%) comparable to HCS (ICs 1X10°) after a single immunization, whereas 5 ug
of the S-2P (rimer did not elicit detectable levels of neutralizing Abs (Figure 3E) despite
eliciting similar levels of tolal S-specific Abs.

in both monse models, a second impumization with the RBD-153-50 nanoparticles led
10 a large increase in neutralizing Ab titers, In BALB/C mice, psendovirus neutralization
GMT reached 2x 10 to 3«10, exceeding that of the HC'S by 1-2 orders of magnitude, and
Hve virus neutralization ters reached 2x10% to 3% 10% (Figures 5B and 5D} A second
imnunization with 5 pg of the S-2P trimer also strongly boosted neutralizing activity,
although pseudovirus and live virus neutralization (GMTs of 3x10% and 6x 1Y, respectively)
were stilf fower than in sera from animals immuntzed with the RBD nanoparticles. The
increases between the S2F tnmer and the RBD nanoparnticles ranged from 7-90-fold and 4-
9-fold in the pseudovirus and five virus neutralization assays, respectively. The .9 ug dose of
the S-2P trimer and both doses of the monomeric RBD failed to elicit detectable
neutralization after two immunizations, Stmilar increases in pseudovirgs neatrabization were
ohserved afier the second inunanization in the Darwin mice, although the titers were lower
overall than in BALB/c mice (Figare SF).

Several conclusions can be drawn from these data. First, the RBD nanoparticles elicit
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potent neutralizing Ab responses i two mouse models that exceed those elicited by the
prefusion~stabilized S-2¥ wrimer and. after two doses, by infection in humans. Second, linker
fenpth and antigen valency did not substantially wmpact the overall inmmanogenicity of the
RBD nanopatticles, although there is a irend suggesting that RBD-16GS-133-30 may be more
5 ipununogenic than the nanoparticles with shorter linkers. These observations are consistent
with the antigenicity and accessibility daia presented in Table 4 and Figure 2 showing that
multiple epitopes are ntact and accessible in all RBD nanopurticle immunogens. Fioally, the
elicilation of comparable nentralizing Ab titers by both the (1.9 and 3 pg doses of each
naneparticle inmunogen saggests that RBD presentation on the 153-30 nanoparticle enables
10 dose sparing, which is a key consideration for vaceine manufacturing and distribution.
Right mice immunized with AddaVax™ only, monomeric RBD, S-2P trimer, or
RBD-8GS- or RBD-12GS- 153-50 nanoparticles were challenged seven weeks post-hoost
with a mouse-adapted SARS-CoV-2 virus (SARS-CoV-2 MA) to determine whether these
immunogens confer protection from viral replication. The RBD-8GS- and RBD-12GS-153-50
15 nanoparticles provided complete proiection from detectable SARS-CoV-2 MA replication in
mouse luog and nasal turbinates (Figure SG-H}. Immunization with the mosomeric RBD, 0.9
g 8-2P {rimer, and adiuvant contrel did not protect from SARS-CoV-2 MA replication,
These results mirrored our pseadovirys and live virus neatralization date showing thal the
RBD nanoparticles induce poteni anti-SARS-CoV-2 Ab responses at either dose or valency,
20
RBD Nanoparticle Vaccines Elicit Robust B Cell Responses and Antibodies Targeting
Multiple Epitopes in Mice and a Nonhuman Primate
Germinal center {GC) responses are a key process in the formation of durable B cell
mentory, resulting in the fornation of affinitv-matured, class-switched memory B cells and
25 lomg-lived plasma cells. We therefore evaluated the antigen-specific GC B cell responses in
nmice mmenized with the monomeric RBD, S-2P trimer, and RBD-8GS-, RBD-12GS-, or
RBD-16GS-153-50 nanoparticles. The quantity and phenotype of RBD-specific B cells were
assessed 1 days after immunization to determine levels of GC precursors and B cells
(B220°CH3ICDIRCDIRGLT Y (Figure 12), Iimmunization with RBD nanoparticles
30 resulted moan expansion of RBD-specific B cells and GO precursors and B cells {Figure ¢A~
C}. The S-2P trimer resulted in a detectable but lower number and frequency of RBD-specific
B cells and GC precursors and B cells compared to the RBD nanoparticles, whereas the

mononseric RBD construet did not elicit an appreciable B cell response. Consistent with these
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findings, immunization with the three RBD nanoparticles and {rimeric S-2P led to the
emergence of CDIZ™GLT 1gM" and class~switched (swlg™) RBD-specific B cells,
indicative of functional GC precursors and GC B cells (Figure 6D). The robust GC B cell
responses and increased proportions of oM™ and swig’ RBD-specific B cells in the mice
imunized with the RBD-nanoparticles and, to a lesser extent, S-2P constructs is consistent
with an ongoing GC veaction, which in time showdd result in the formation of memory B cells
and tong-lived plasma cells. To evaluate the durability of humoral responses eliciied by the
RBD nanoparticle vaccines, we analyzed serum Ab responses 20-24 weegks posi-hoost. The
magnitude of both binding and newtralization titers were similar to their levels two weeks
post-boost for all nanoparticke proups (Figures 12B.0), indicating that the designed
immunogens elicit not only potent but also durable nentralizing Abs. This 15 Iikely due 1 part
to wnproved indoction of long-lived plasma cells by the nanoparticle vaccines, as the number
of 5-2P-specific Ab secreting cells in the bone marrow was ~3-fold higher for mice
imowinized with the RBD-16GS-153-50 nanoparticle compared o the S-2P truver (Figure
12D),

We compared the ratio of binding to newtralizing antibodies elicited by the S-2Pand
the RBD-8GS-, RBD-12GS-, and RBD-16GS-153-50 nanoparticles and HCS as a measure of
the quality of the Ab responses eliciied by the nanoparticle immunogens. In Kymab
Darwin™ mice, the nanoparticle vaceives had lower (better) ratios than S-2P-immunized
mice, but higher than HCS (Figure 6E). In BALB/¢ mice, the ratio of binding to psendovirus
neutralizing titers elicited hy RBD-12GS- and RBD-16GS-153-50 was ¢learly decreased
compared to S5-2P and HCS (Figure 6F). This pattern was consistent when ratios were
caleofated using live virus neutraliving titers, although the magnitude of the differences
between groups was smaller due to the high values obtained in the live vivus newtralization
assay. These resulis suggest the Ab responses eliciied by the RBD~12GS- and RBD-16GS~
153-50 vanopaticle mmunogens are of higher quakiy than that obtained from immunization
with the S-2P trimer or acquired duning natural infection, perhaps because it is focused on
epitopes in the RBD that are the target of most neutralizing &bs.

We sel outl to identily the epitopes recopnized by Abs elicited upon immunization
with the nanoparticle fumunogens i a nonhuman privoate model that more closely resembles
humans i their immune vesponse o vaccination. We inunanized a pigtail macague with 250
g of RBD-12GS-133-30 (88 ug of RBD antigen) at weeks O and 4 and found that serum

collected at week 8 had high levels of S-specific Abs (ECso ~1#10°). Polyclonal Fabs were
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generated and purified for use in competition BLI with hACE2, CR3022, and S309, which
recognize three distinet sites targeted by newtralizing Abs on the SARS-CoV-2 RBD (Figure
6G). The polyclonal sera inhibited binding of hACE?, CR3022 Fab, and S309 Fab at
concenirations above their respeciive dissociation constants in a dose-dependent manner
{Figure 6H-1). These data indicate that immuntzation with 12G5-RBD-153-50 elicited Abs
targeting several non-overlapping epitopes, which we expect to limit the potensial for
emergence and selection of escape mutants, especially since coronaviruses do not mutale
quickly when compared to virusgs such as inflegnza or hwman immunoedeficiency viras (Li et

al., 2020; Smith et al., 2014),

Discussion

Here we showed that two-component self~assembling 5ARS-UoV-2 RBD
nanoparticle vaccine candidates elicit potent neutralizing Ab responses targeting multiple
distinct RBD epitopes. The greater neuntralizing Ab responses elicited by the RBD
nanoparticles compared to the prefusion-stabilized ectodomain frimer are very promising.
Our data mdicate that RBD-12G8-153-58 and RBD-16GS-153-50 elicit nearly ten-fold higher
fevels of S-specific Abs and, more wportantly, roughly ten-fold higher levels of neutralizing
activity compared to the $2P eciodomain frinter, This enhancement in polency s maintained
al a more than five-fold lower antigen dose by mass, suggesting that presentation on the
nanoparticle also has a dose-sparing effect. Both enhanced potency and dose-sparing could be
critical for addressing the need to manafactare an unprecedented number of doses of vaccing
to respond 10 the SARS-CoV-2 pandemic.

Although the RBD is poorly immunogenic as a monomer, our data establish that it
can form the basis of a highly immunogenic vaceine when presented multivalently i our
designs. The exceptionally low bindingnewiralizing ratio elicited upon immugization with
the RBD nanoparticles suggests that presentation of the RBD on [33-30 focuses the humoral
response on epitopes recognized by neavalizing Abs. This metric is a potentially important
indicator of vaccine safety, as high levels of binding yet nos-neutralizing or weakly
neutralizing Abs may contribute to vacrine-associated enhancement of respiratory disease,
Our dala further show that RBD-12G5-153-30 elicifed Ab responses targeting several of the
non-overlapping epitopes recognized by neutraliving Abs that have been identified in the
RBD. Such polyclonal responses targeting nultiple distinet epitopes might explain the

magaitude of neutralization observed and should minimize the risk of selection or emergence
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of escape mutations. Finally, the high production vield of RBD-133-50A components and the
robust stability of the antigen-bearing RBD nanoparticles makes them amenable to large-
scale manufacturing.
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Metheods

Table 6. Resources

REAGENT ot RESOURCE

| SOURCE

| IDENTIFIER

Anubodics

CR3022 {ier Meulen ¢ al., 2000 NiA

S309 (Pinto ot al., 20208 N/A

R3% {Wa etal, 20203 NiA

Gioat anti-haman HRP Invitrozen Cat #FAISRIT Lot #63-180-07 1919
Goat mi-mouse HRP Invitrogen Cat #620520 Lot #TG275230

Horse anti-mouse HRP

Cell Signaling Technology

Cat #70768

Anti-meuse Fo Black

8D Bioscieneceg

Catf353142 RRIDAB 394637

Anti-mouse B220 BUVTIT B Biosciences Catn 12838 RRID:AB 2738813
Anti=mouse 03 ParCP-CyS 5 BD Biosciences Cat#351163 RRIDIAB 394082

Ant-mouse CDI3S BVosg

BD Biosciences

CapiS64068 RRID:AB 2738574

Anti-mouse CD3R Alexa™ Fluor
o

Therme Fisher Scientific

Cat#f6-0381-82
RRIEVAB 637740

Anti-mouse GL7 ef43¢

Thermo Fisher Selentific

Cafd8-5902-82
RRID:AB HORTO77S

Anti-mouse IeM BV7R6

8D Bioscienees

Cai#f743328 RRID:AB 2741429

Asnti~mouse [gD BUV3I9S

BD Brosciences

Calg563958 RRIDLAB 2737433

Antamouse CD73 PECyT

Thermo Fisher Scientific

Cat#25.0731.82
RRID-AB 10853348

Asnti-mouse CDRO BVA03S

B Biosciences

Capis63052 RRID:AB 273793

Biological Samples

BALB/c mice

Jackson Laboratory

Cat #0065}

Kymice'™ Kymab
207130 COVID-19 plasma NIBSC 200130

Chemicals, Peptides, and Recombinant Proteins

AddaVax™ adjuvant InvivoGen Cat# vac-adx- 10
ABTS ThermoFisher ad

TMB SeraCare # 5120-0083
Thrombin Sigmg Catdt T9326-150UN
Tramobilized Papain ThermoScientific Caté# 20341
LysC-endoprotemase NEB Caif PRIDSS
hACE2-Fe This study N/A

EZ-Link '™ Sulfo-NHS-LC
Biotinviauon Kit

Thermo Fisher Scientific

Cati2 1435

Streptavidin-APC Agilent Cat#PI275-1
Streptavidin-PE Agilent CalPIRS23.1
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Anti-PE MicroBeads

Miltenvi Bioteo

Cat#130-048-8011

Aat-APC MicroBeads

Milienyi Biotee

Cai® 1 30-090-835

DyLight'™ 753 Antibody Labeling
Bt

Thermo Fisher Scientific

Catd84538

AlexaFluor™ 647 Prowin Labeling
Kii

Thermo Fisher Solentific

CatfA20173

Experimental Models: Cell Lines

Expi 293¢

ThermoFisher

Cat #A 14327

VerofCHOD8ES adheremt

ECACE General Collection

Cat #R3020206

HEK-ACE? adherent BEI (Gift from Bloom lal NR-52511
HEK2937T/17 Adherent ATCC Cat# CRL-11268
Vero E6 ATCC Cati CRL-1886
Recombinant DNA

pCMV-RBD-{2GS-50A GenSeript (this studv) NiA
pCMVR-RBD-16GS-50A CenScript (this study) N/A
PCMV-RBD-RGS-S0A GenScript (this study) N/A

S-2P wimer

GenSeript (Walls et al.

2020y

RRBD

GenScript {Walls ot al,

2020)

SARS-CoV-2 8 fill length

GenSeript {Walls et al. 2020

Murine leukemia virgs gag-pol

Millet and Whitlaker 2016

p1TG-Luciferase

Miliet and Whiitaker 2016

Sefiware and Algoritine

UCSF ChimeraX

{Goddard et al., 2018}

hpsYwwwabviuestedw/chimers

Prism™ Graphpad hitps:/oww graphpad com/scientifl
ic-software/prism/
Flowlo™v10 Flowlo hipsiwww lowio.com

Crher

Octet’™ Biosensors: protein A

Sartorius {Fori¢Bio}

Capd 18-3010

Cretet™ Biosensors: Anti-Penta-
HIS (HISIK)

Sartorius {FortéBia)

Catd 18-312¢

Octet™ Biosensors: NTA

Sartorius {ForteBio}

Catf 18-3101

EM supplies 300 mesh grids

Ted Pella

Catf B1843-F

USsp

Filier paper Cvtiva Catéd 1004047
Uranyl formaie SPI Chem Catd 02545-AA
Uinis™ Capitiary Cussatios Unchained Labs Cat# 2011010
PrismA™ Protein A resin Cytiva Cat# 17549802
Superdex ™ 200 Increase SEC Cyvtiva Cat# 28-9909-44
column

Superose ™ 6 Tncrease SEC Cyliva Caté 19091596
columg

Talon™ resin TaKaRa Capé 6336352
VE26 Vantage L colunmn Millipore Cat 46100250
Excel resm Cytiva Cai 17371203
Patterson Veterinary, Isoflurane, Palterson Cat# G7-803.1389

Eppendorf™ Safe-Lock
microgentrifiege tubes 1.5-mL

Sigma Millipore

Catd TGO

BD Luer-Lok™ L-mL Syringe 8D Cat# BD30962R
BD Single Use Needles 253G x 78 | VWR Catd BD305 124
BD PrecisionGlide ™ Needle BD Refi 365120
23Gxt 14

BD Single Use Needles 27G x | VWR Caté BD30S136
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4

EndoSafe™ LAL Test Cartridges

Charles River Labs

Cat & PTS2DOGSE

Lemo2 1™ (DEY New Eneland BinLabs Cat#C2528Y
Isopropyl-B-D-thingalactoside Sigma Aldrich CatdleTsy
{IPTG}

Kanamvan Sulfate Sigma-Aldrich Cat#K 1876

HiLoad™ S200 pg Cytiva Cai2kOR0336
Ni Sepharose’ ™ 6 FF Cviiva Catd17531%08
HisTap™ FF Cytiva Cat] 7525501

Cell tines

HEKZ2Y3¥F is g female human embryvomic kidney cell line transformed and adapted to
grow in suspension (Life Technologies). HEK293F cells were grown in 293FreeStyle™
expression medium {Life Technologies), cultured at 37°C with 8% CO» and shaking at 130
rp. Expi293F™ cells are derived from the HEK293F cell line (Life Techunodogies).
Expi293F™ cells were grown in Expi293™ Expression Medium {Life Technologies),
caltured at 36.5°C with 8% CO: and shaking at 130 rpm. VeroE6 s a female ladney
epithelial cell from African green monkey. HEK293T/17 is a female human embryonic
kidney cell ling {ATCC). The HEK-ACE? adherent cell line was oblained through BEL
Resources, NIATD, NIH: Human Embryonic Kidoey Cells (HEK-293T) Expressing Human
Angiotensin-Converting Enzyme 2, NEK-203T-hACE2 Cell Line, NR-$2511, All adherent
cells were caltured at 37°C with 8% CO; in Hasks with DMEM + 10%: FBS (Hyclone) + 1%
penicillin-strepiomycin. Cell lines other than Expi293F werg not tested for mycoplasma

contamtination nor auwthenticated.

Mice

Female BALB/c mice four weeks old were obtained from Jackson Laboraiory, Bar
Harbor, Maine. Amimal procedures were performed wnder the approvals of the Institutional
Antmai Care and Use Committee of University of Washington, Seattle, WA, and University
of North Caroling, Chapel Hill, NC. Kymab’s proprietary IntelliSelect'™ Transgenic mouse
platform, known as Darwin™, has complete human antibody loci with a non-rearranged
buman antibody variable and constant germtine repertoire. Consegrently, the antibodies

produced by these mice are fully human.

Pigtail macagues
Two adult male Pigtail macaques (Macaca pemesiriaa) were immunized in s study.
All animals were housed at the Washington National Primate Research Center {WaNPRC),
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an American Association for the Accreditation of Laboratory Animal (are International
{AAALAC)-accredited mstitution, as previously deseribed {Brasmus et al,, 2020}, All
procedures performed on the animals were with the approval of the University of

Washington's Institutional Animal Care and Use Commnitee {IACUC).

Convalescent human sera

Samples collected between 160 days post infection from 31 individuals who tested
posifive for SARS-CoV-2 by PCR were profiled for anti-SARS-CoV-2 S antibody responses
and the 29 with anti-§ Ab responses were maintained in the cohort (Figures 4 and 3).
Individuals were enrolled as part of the HAARVI study at the University of Washington in
Seattle, WA. Baseline sociodemographic and clinical data for these individuals are
summarized in Table 5. This study was approved by the University of Washingion Human
Subjects Division Institutional Review Board (STUDYO0000959 and STUDYO0003376). All
experiments were performed in at Jeast two technical and two biological replicates (for
ELISA and psendovirus neutralization assays}). One sample is the 20/130 COVID-19 plasia
from NIBSC.

Phasmid construction

The SARS-CoV-2 RBD (BREI NR-52422) construct was syathesized by GenSceript
ino peDNA3 1+ with an N-terminal mu-phosphatase signal peptide and a C-terminal octa-
histiding tag {GHHHHHEHHH} (SEQ 1D NO: 164}, The bowndaries of the construct are N-
328REFPNas: and s2aKKSTs31-C {Walls et al, 20200, The SARS-CoV-2 S-2P ectodomain
trimer (GenBank: YP_(09724390.1, BEI NR-52420} was synthesized by GenSeript into
pCMV with an N-terminal mu-phosphatase signal peptide and a C-terminal TEV cleavage
site {GSGRENLYFQG) (SEQ 1D NO: 165), T4 fibriiin foldon
(GGGSGYIPEAPRDGQAYVRKDGEWVLLSTEL) (SEQ 1D N1 166}, and octa-hustidine
tag {GHHHNNHHN) (SEQ ID NO:164) (Walls et gl 2020}, The constract contains the 2P
nautations {profing substitations at residues 986 and 987, (Pallesen etal, 2017} and an
50230 AGees substitation at the furin cleavage site, The SARS-CoV-2 RBD was genetically
fused to the N terminus of the trimeric 153-5304 navoparticle component using Linkers of &,
12, or 16 glycine and serine residaes, RBD-RGS~ and RBD-12GS-153-30A fusions were
synthesized and cloned by Genscript into pCMV. The RBD-16GS-153-30A fusion was

cloned into pCMV/R using the Xbal and Avrll restuiction siles and Gibson assembly (Gibson
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et al., 2009). All RBD-bearing components contained an N-termmal muo-phosphatase signal
peptide and a C-terminal octa-histidine tag. The macague or human ACE2 ectodomain was
genetically fused to a sequence encoding a thrombin cleavage stie and a human Fo fragment
at the C-ternunal end. hACE2-Fe was synthesized and cloned by GenScript with a BM40
signal peptide. Plasmids were transformed into the WEB S-alpha strain of £ coli (New
England Biolabs) for subsequent DNA extraction from bacterial caltare {NucleoBond Xira
Midi™ kit) to obtain plasmid lor transient transfection into Expi293F cells. The amino acid

sequences of ali novel proteins used in this study can be found in Table 3.

Transient transfection

SARS-CoV-2 § ant ACEZ-Fc proteins were produced in Expi293F cells grown in
suspension wsing ExpiZ93F expression medivn (Life Technologies) at 33°C, 70% hunudity,
8% COq rotating at 150 rpm. The cultures were transfected using PEL-MAX™ (Polyscience)
with cells grown to a density of 3.0 million cells per mL and cultivated for 3 days.
Supernatants were clarified by centrifugation (5 minutes at 4000 ref), addition of PDADMAC
sofution to a final concentration of 0.0375% {Sigma Aldnch, #400014), and a second spm (3
vnes at 4000 ref).

Cenes encoding CR3022 heavy and light chains were ordered from GenScript and
cloned into pCMY/R. Antibodies were expressed by fransient co-transfection of both heavy
and Heht chain plasmids in Bxpi293F cells using PE} MAX™ (Polyscience) ransfection

reagent. Cell supernatants were harvested and clarified after 3 or 6 days as described above.

Protein purification

Protetns containing His tags were purified from clarified supernatants via a batch bind
method where each clarified supernatant was sepplemented with § M Tus-HCI pH{ 80408
final concentration of 45 mM and 3 M NaCl to a final concentration of ~310 mM. Talon
cobalt aflinity resin {Takara) was added to the treated supermatanis and allowed to incubate
for 15 minutes with genile shaking. Resin was collected using vacuum filtration with a 0.2
wm filter and transterred o a gravity columa, The restn was washed with 20 mM Tris pli 8.0,
300 mM NaCl, and the protein was ehated with 3 column volumes of 20 mM Tris pH 8.9, 300
mM NaCl, 300 mM tmidazole. The batch bind process was then repeated and the first and
second elutions combined. SDS-PAGE was used to assess purily. RBD-153-504 fusion

protein IMAC elutions were concentrated to »1 mgfml. and subjected to three rounds of
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dialysis nto 50 mM Tris pH 7, 185 mM NaCl, 100 mM Arginine, 4.5% glveerol, and 0.75%
wie 3-{{3-cholamidopropyl)dimethylammonio}- L -propanesulfonate (CHAPS) in a hydrated
HOK molecular weight cutoff dialysis cassette {Thermo Seientific). S-2P IMAC elution
fractions were concenirated to ~1 mg/mi and dialyzed three times futo 30 mM Tris pH 8,
150 mM NaCl, 0.25% L-Histidine in 8 hydrated 10K molecalar weight cutofl dinlysis
cassette { Thermo Scientific). Due to inherent instability, the S-2P frimer was immediately
fash frozen and stoved at -80°C.

Clarified supernatants of cells expressing monoclonal antibodies and human or
macaque ACE2-Fe were purified using a MabSelect PrismA™ 2 653 cm colunm (Cytiva) on
att AKTA Avant! 50 FPLC (Cytiva). Bound antibodies were washed with five column
volames of 20 mM NaPQq, 150 mM NaCl pt 7.2, then five column volumes of 20 mM
NaP(h, 1 M NaCl pH 7.4 and eluted with three colomm vohsmes of 100 mM glycine at pH
3.0 The eluate was nenatralized with 2 M Trizma base to 50 mM {al concentration. SDS-
PAGE was used to assess purity.

Recombinant $309 was expressed as a Fab in expiCHO cells transiently co-
franstected with plasimids expressing the heavy and light chain, as described above (see
Transient transfction) (Stettler et al,, 2016}, The protein was affinity-purilied using a
HiTrap™ Protein A Mab select Xira™ cotamn (Cytiva) followed by desalting againgt 20
mM NaPOs, 150 mM NaCl pH 7.2 using a HiTrap™ Fast desalting cobummn (Cytiva). The

protein was steritized with a 0.22 pm filter and stored at 4°C until use.

Microbial protein expression and purification

The 133-304 and 153-530B.4 PT1 profeins were expressed in Lemo? {DE) (NEB) m
LB {10 g Tryptone, § ¢ Yeast Extract, 10 g NaCl) grown in 2 L baffled shake fasksora 10 L
BioFlo 320 Fermenter {Eppendorf). Cells were grown at 37°C to an QD6 ~0.8, and then
induced with | mM IPTG. Expression temperatare was reduced to 18°C and the cells shaken
for ~16 h. The cells were harvesied and lysed by nucrofiuidization using a Microfhadics
MLIOP at 18,000 psi in 50 mM Tris, 300 mM NaCl, 30 miM imidazole, | mM PMSF, 0.75%
CHAPS, Lysates were clarified by centrifugation at 24,000 g for 30 min and applied to a
2.6% 10 cm Nj Sepharose™ 6 FF cotumn (Cytiva) for purtfication by TMAC on an AKTA
Avanti 50 FPLC system (Cytiva). Protemn of interest was eluted over a linear gradient of 30
mM to 300 mM imidazele in a background of 50 mM Tris pH 8, 500 mM NaCl, 6.75%
CHAPS buffer. Peak fractions were pooled, concentrated w 10K MWCO centrifugal filters
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(Millipore), sterile filiered {0.22 pm) and applied to either a Superdex™ 200 tncrease 111300,
or HiLoad™ 8200 pg GL SEC colunm {Cytiva) using 50 mM Tris pH 8, 500 mM NaCl,
{1.75% CHAPS bufler, 153-30A ehites at ~{1.6 column volume {CV). 153-50B.4PT1 elutes af
~145 CV. After sizing, bacterial-derived componenis were tested to confivm fow levels of

endotoxin before using for panoparticle assembly.

In vifro nanoparticle assembly

Total protein concentration of purified individual nanoparticle components was
determined by measuring absorbance at 280 nm using & UVAvis spectrophotometer (Agilent
Cary 8454) and calcalated extinction coefficients (Gasteiger et ak., 20033, The assembly steps
were performed at room temperature with addition i the following order: RBD-153-58A
trimeric fusion protein, followed by additional buffer as needed to achieve desired linal
concentration, and {inally [83-30B.4PT1 pentamenc component {in 3¢ mM Tris pHi &, 500
M NaCl, .75% wiv CHAPS), with a molar ratio of RBD-I33-530A153-B4PT1 of 1.1:]1. In
order to produce partial valency RBD-153-50 manoparticles (50%; RBD-153.50), both RBD-
153-50A and unmodified 153-50A trimers (in 50 mM Tris pH 8, 500 mM NaCl, 0.75% wiv
CHAPS) were added in a slight molar excess (1.1x} to IS3-SUB4PTT, Al RBD-{53-30 in
virro assemablies were incubated at 2-8°C with gentle rocking for at least 30 minutes before
subsequent purification by SEC in order to remove residual unassembled component.
Different columns were utilized depending on purpose: Superose’™ 6 Increase 10/300 GL
column was used analytically for nanoparticle size estimation, a Superdex™ 200 Increase
10300 GL colan used for small-scale pilot assemblies. and a HiLoad™ 26/600 Superdex™
200 pp column used for nanoparticle production. Assembled particles elate at ~1 mb on the
Superose™ 6 column and in the void volume of Superdex™ 200 columns. Assembled
nanoparticles were sterile ftered {0.22 pm) immediately prior o column application and

following pooling of fractions.

hACE2-Fe and CR3022 digestion

BACE2-F¢ was digested with thrombin protease (Sigma Aldrich) in the presence of
2.5 mM CaClz at a 12300 wrw thrombin:protein ratie. The reaction was incubated at ambient
temperatare for 16-18 howrs with gentle rocking. Following incubation, the reaction mixinre
was concentrated using Ultracel™ YOK centrifugal filters (Miflipore Amicon Ultra} and

sterile filtered (0.22 yM). Cleaved hACE2 wmonomer was separated from uncleaved hACE2-
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Fcand the cleaved Fo regions using Protein A purification {see Protein purification above) on
a HiScreen MabSelect SaRe™ colunm {Cytiva) using an AKTA avant 23 FPLC {Cytiva).
Cleaved hACE2 monomer was collected m the flow through, stertle filtered (0.22 pm), and
guantified by UVivis.

LysC {New England BioLabs} was ditated to 10 ng/ul in 10 mM Tris pH 8 and
added 10 CR3022 1gG at [:2000 wiw LysC:1pG and subsequently incubated Tor 18 howrs at
37°C with orbital shaking at 230 rpm. The cleavage reaction was concentrated using
Ultracel™ 10K centrifugal filiers (Millipore Amicon Ulira) and sterife filterad (.22 uM),
Cleaved CR3022 mAb was separated from uncleaved CR3022 1gG and the Fe portion of
cleaved [2G, using Protein A punification as desceribed above. Cleaved CR3022 was collected

in the flow through, sterile filtered (G.22 pm), and quantified by UVivis,

Bio-layer interferometry {antigenicity)

Antigenicity assays were performed and analyzed using BLI on an Octet™ Red 96
System (Pall Forté Bio/Sartorius) at ambient temperature with shaking at 1000 rpm. RBD-
153-50A grimeric components and monomeric RBD were difuled to 40 g/l 1o Kmelics
buffer {12 HEPES-EP~ (Pall Forté Bing, 0.05% nonfat milk, and 0.02% sodium azide).
Monomeric hACEZ? gud CR3022 Fab werg diluted to 750 nM in Kinetics buffer and serially
dihuted three-fold for a final concentration of 3.1 nM. Reagents were applied 1o a black 96-
well Greiner Bio-one microplate at 200 pL per well as described below. RBD-153-30A
components of monoweric RBD were humobilized onto Anti-Penta-HIS (HISTK] biosensors
per maptfacturer instructions (Forté Bio) except using the following sensor incabation times.
HISIK biosensors were hydrated in water for 10 mimstes, and were then equitibrated in
Kmetics huffer for 60 seconds. The HISIK tips were loaded with dilnted trimenic RBD-133-
S0A component or monomeric RBD for 150 seconds and washed with Kineties buffer for 300
seconds. The assoctation step was performed by dipping the BISIK biosensors with
inimobilized immunogen into dilgted hRACE2 monomer or CR3022 Fab for 60( seconds, then
dissociation was mwasured by inserting the biosensors back into Kinetics huffer for 600
seconds. The data were baseline subtracted and the plots fitted using the Pall™
ForiéBio/Sartorius analvsis soffware (version 12.0). Plots m Figure 8 show the association

and dissociation steps.

Bio-layer interferomefry (accessibility)
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Binding of mACE2-Fe, CR3022 1gG, and S31Y 1gG to monomeric RBD, RBD-153-
SOA frimers, and RBD-153-50 nanoparticles was analvzed for accessibility experiments and
real-time stability studies using an Octet™ Red 96 System {Pall™ FortéBio/Sartorius) at
ambient temperature with shaking at 1000 rpm. Protein samples were diluted to 100 nM in
Kinetics buffer. Buffer, immunogen, and analyte were then applied to a black 96-well Greingr
Bio-one microplate at 200 yb per well, Protein A hiosensors (FortéBio/Sartorius} were first
hydrated for 1 nunutes in Kingtics bufler, then dipped into either mACE2-Fe, CR3022, or
$309 {6 diluted to 10 ug/mb in Kinetics buller in the immobilization step. Afler 500
seconds, the {ips were transferred to Kinetics buffer for 60 seconds to reach a baseline. The
assogiation step was performed by dipping the loaded binsensors nto the imnumogens for
300 seconds, and subsequent dissociation was performed by dipping the biosensors back mto
Kinetics buffer for an additional 308 seconds. The data were baseline sobiracted prioy to
plotting using the FortéBio analysis software {version 12 (). Plots in Figure 2 show the 600
seconds of assoctation and dissociation.
Negative stain electron microscopy

RBD-153-50 nanoparticles were first difuted {0 75 pg/mb in 30 mM Tris pH 7, 183
wM NaCl, 100 mM Arginine, 4.5% v/'v Glycgrol, 0.78% wi'v CHAPS, and 8-2P protein was
diluted o 0.03 mg/mL in 50 mM Tris ph &, 130 mM NaCl, 0.25% L-Histidine pricy to
apphication of 3 ul. of sample outo freshly glow-discharged 300-mesh copper grids. Sample
was incubated on the grid for 1 minate before the grid was dipped i a 30 yL droplet of water
and excess liquid blotted away with filter paper (Whatman). The grids were then dipped into
6 uL of 0.75% wiv uranyl formate stain. Stain was blotted off with {ilter paper, then the grids
were dipped into another 6 ul. of stain and incubated for ~70 seconds. Finally, the stain was
blotted away and the grids were allowed 1o dry for | minute. Prepared grids were imaged tn a
Talos model L120C electron microscope at 45,000 (nasoparticles) or 92,000x magmification
(S-2P).

Bynamic light scattering

Dynamic Light Scattering {DLS) was used to reeasure hydrodynamic diameter (Dh)
and Y Polvdispersity (%Pd) of RBD-133-30 nanopartcle samples on an UNcle Nano-DSF
{(UNchained Laboratories). Sample was apphied to a 8.8 uL. quany capillary cassette (UN,
UNchained Laboratories) and measurad with 10 acquisitions of 5 seconds each, using auto-

attenuation of the laser. Increased viscosity due to 4.5% viv glyeerol in the RBD navoparticle

99
SUBSTITUTE SHEET (RULE 26)



10

15

20

25

38

WO 2021/163438 PCT/US2021/017799

buffer was accounted for by the UNcle™ Client software in Dh measurements.

Guanidine HCl denaturation

Monomeric RBD, RBD33.50A fusion proteins, and RBD-153-30 nanopatticle
mmunogens were diloted fo 2.5 gM in 50 mM Tris pH 7.0, 185 mM NaCl, 100 mM
Argining, 4.5% v/v glvcerol, 0.75% wiv CHAPS, and cuanidine chlonide [GdnHCH ranging
from O Mt 6.5 M, increasing in 0.25 M increments, and prepared in triplicate. S-2P trimer
was also diluted 1o 2.5 M using 30 mM Tris pH 8, 130 mM NaCl, $.23% L-Histidine, and
the sme GuHC concentration range. Dilutions were mixed (O by pipetting. The samples
were then incubated 1819 hours at ambieat temperature. Using a Nano-DSF (UNele™,
{iNchained Laboratories) and an 8 & uL quartz capillary cassette (LNi™, UNchained
Laboratories), fluorescence spectra were collected in triplicate, exciting at 266 nm and

measuring enuission from 200 nm to 750 nm at 25°C,

Endotoxin measurements

Endotoxin levels in protein samples were measured using the EndoSafe™ Nexgen-
MCS System {Charles River). Samples wers dituted 130 ov 11100 in Endotoxin-free LAL
reagent water, and applied into wells of an EndoSafe™ LAL reagent cartridge. Charles River

EndoScan™

-V software was used to analyze endoloxin content, automatically back-
calenlating for the dilution factor. Endotoxin values were reported as EU/mbL which were
then converted to EU/mg based on UVivis measurements. Our threshold for samples suitable

for immunization was <50 Ellimg,

LVivis

Uliraviolet-visible specirophotometry {L/V/vis) was measured using an Agilent
Technologies Cary™ 8454, Samples were applied to a 10 mm, 30 ulL quartz celf (Stama
Cells, Inc.) and absorbance was measured from 180 to 1000 nm. Net absorbance at 280 am,
obtained from measurement and single reference wavelength baseline subtraction, was used
with calculated extinction coeflicients and molecular weighis to obtain protein concentration,
The ratio of absorbance at 320/280 num was used to determine relative ageregation levels in
real-timie stability stady samples. Samples were dihuted with respective
puriication/instrament blanking buffers t obiain an absorbance between 0.1 and 140 All

data produced from the UVivis mstrument was processed in the 345x UVivisible System
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software.

Glycan profiling

To identity site~specific glycosylation protiles, including glycoform disiribution and
occupancy deternination, a bottom up mass spectrometry (M3} approach was utilized.
Aliguots of | mg/mL monomeric, 8G§, 12GS and 16G8 RBD protein were prepared 1o
evaluate the glycosylation profiles at N33 1 and N343 of the {our RBD virianis.
Comprehensive glycoprofiling on the stabilized Spike ectodomain {$-2P) was performed in
parallel using 1.5 mg/mb SARS-CoV-2 S-2P protein. All the samples were denatared ina
sotution contatmng 25 M Tris (pH 8.03, 7 M zuantdiniant chloride {GdnHC) and 50 mM
dithiothreitol (DTT) at 20°C for 30 mimites. Reduced cvsteings were alkylated by adding
fresh iodoacetamide (TAA) to 100 mM and incubating at voom tewperature for | how i the
dark. 50 mM excess DTT was then added to quench the remaining IAA. The GndH(C1
concentration was reduced 10 0.6 M by diluting the samples | -fold with a 10 mM Tris (pH
8.0, 2 mM calcivm chloride sohution. Fach sample was then split in hall. One half (275 uL}
was mixed with 10 units of recombimani Pephide N-glveanase F (GST-PNGase F} {Krenkova
etal., 2013y and incubated at 37°C for | hour fn order to convert glveosylated Ase into
deglyeosvlated Asp.

Protease digestions were performed in the following mannier: all RBD samples and
one S-2P sample were digested with Lys-C at g ratio of 1140 {wiw) for RBD gnd 1:30 {w/w}
for §-2P for 4 hours at 37°C, followed by Glu-C digestion overnight at the same ratios and
conditions. The other threg S-2P samples were digested with trypsin, chymotrypsin and alpha
bytic protease, respectively, at a ratio of 1:30 {(w/w) overnight at 37°C. Al the digestion
proteases used were MS grade (Promega). The next day, the digestion reactions were
quenched by 0.02% formic acid (FA, Optima'™, Fisher).

The glycoform defermination of four $-2P samples was performed by nano LC-MS
using an Orbitrap Fesion™ mass specirometer (Thermo Fisher). The digested samples were
desalted by Sep-Pak C18 cartridges (Waters) following the manufacturer’s suggested
protocol. A 2 om trapping columa and a 35 cm analyiical column were freshly prepared in
fused silica {100 um 1D} with 5 pM ReproSil-Pur™ C18 AQ beads {Dr. Maisch). § ak
sample was injected and run by a 60~-minute linear gradient from 2% o 30% acetonitrile in
(.1% FA, followed by 10 muinutes of 0% acetonitrile. An ETheD method was optintzed as

tollowed: ton sowrce: 2.1 KV for positive mode; fon transfer tube temperature: 350 °C;
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time: MSE = 50 ms, M8 = 60 ms,

Glycopeptide data were visualized and processed by Byonic ™ and Byologic™
(Version 3.8, Protein Meiries Inc.) using a 6 ppm precursor and 10 ppm fragment mass
tolerance. Glycopeptides were searched using the N-glycan 309 mammalian database in
Protein Metrics PME-Suite and scored based on the assignment of correct ¢~ and #- fragment
ions, The true-positive entities were further validated by the presence of glvem oxontum tons
1wz at 204 {HexNAe ions) and 366 (HexNAcHex ions) and the absence in iis corresponding
spectrum in the deglycosylated sample. The relative abundance of each glyeoform was
detenmined by the peak area analyzed in Byologic™. Glycoforms were categorized in Oligo
(igomasnose}, Hybvid, and Complex as well as subtypes i Complex, described in the
previous study (Watanabe et al, 20203, HoxNAc{2MHex(9-5) 15 M{annose}? o M5,
HexNAc{IHex(5-6) is classified as Hybrid; HexNAc(3)Hex(3-4)X is A1 subtype;
HexNAc{41X s AZAIB; HexNAC{5IX 15 AJ/AZB and HexNAc(6)X 18 A4/A3B subtype.
Hybrid and Complex forms with facosylation are separately listed as FHybnd and FComplex
(eg. FATY, respectively.

Glycan necupancy analysis and glveoform determination of the four RBD variants
were performed by LC-MS on the Synapt G2-8i™ TOF mass spectrometer coupled to an
Acquity™ UPLC system { Walers). Samples were vesolved over a Walers CSHCIS 1 x 100
mm 1.7 pm column with a linear gradient from 3% 10 40% B over 30 minutes {A: 98% water,
% acstonitrite, 1% FA; B 100% acetonitrile, (11% FA). Data dependent acquisition
(DDA} method was utilized with precursor mass range 300-2000, MS/MS mass range S0~
2000 and a collision energy ramped from 78 to 100V, Chronatographic peaks for the most
abandant and non-overlapped isotopic peaks were detenmined and ntegrated with
MassLynx™ {Waters). All the water and organic solvents used, unless specifically stated,
were MS grade (Optima™, Fisher). The peak area ratio of the non-glycosylated (Asn} o the

deglveosylated {Asp) glvcopeptide was used to measure the glycan occupancy at each site.

Hydrogen/Deuterinm-exchange mass spectrometry

3 pe of monomenic RBD and RBD-8GS-133-304 were incubaled and H/D exchanged
{(HDX) in the deuteration buffer (pH* 7.6, §5% DO, Cambridge Isotope Laboratories, Ing.)
for 3, 64, 1RO0, and 72000 seconds, respectively, at 23°C. Samples were subsequently mixed

111 with ice-cold quench buffer (200 mM gris(2-chlorethyl) phosphate (TCEP), 8 M Urea,
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0.2% formic acid) for a final pH 2.5 and immediately flash frozen in liqud mtrogen. Samyples
were in-line pepsin digested and analyzed by LC-MS-IMS on Synapt G2-Si"™ TOF mass
spectrometer { Waters} as previously described (Verkerke et al., 2016) with an 18 minute
gradient applied. A fully dewteraiion conirol was made by collecting the pepsin digest eluate
from an undenterated sample LO-MS rum, drving by speedvac, incubating in dewteration
buffer for { hour gt 83°C, and guenching the same as all other HDX samples. Internal
exchange standards {Pro-Pro-Pro-le {PPPY and Pro-Pro-Pro-Phe [PPPF]) were added in each
sample {0 ensure consistent 1abeling conditions for all samples {Zhang et al,, 2012). Pepsin
digests for undeuterated samples were also analyzed by nano LC-MS asing an Orbitrap
Fustor ™ mass spectrometer (Thermo Fisher) with the settings as described above for
glvcoprofiling. The data was then processed by Byonic™ to obtain the peptide reference list.
Peptides were manually validated using DrifiScope™ {Waters) and identified with
orthogomal retention time {1t} and dnilt time (dt) coordinates. Deuterivm uptake analysis was
performed with HX-Express v2 {Guttman et al, 2013; Weis et al., 2006}, Peaks were
ideniified from the pepiide spectra with binomial filting apphied. The denterium uptake level

was pormalized relative to fully deuterated standards.

Mouse immunizations and challenge

Female BALB/¢ {Stock: 00065 1Y mice were purchased at the age of {foar weeks from
The Jackson Laboratory, Bar Harbor, Maine, and maintained at the Comparative Medicine
Facility at the University of Washington, Seattle, WA, accredited by the American
Association for the Accreditation of Laboratory Animal Care International (AAALAC). Al
six weeks of age, 10 mice per dosing group were vaccinated with a prime inmumization, and
three weeks later mice were hoosted with a second vaccination. Prior to noculation,
unmunogen suspensions were gently mixed 1:1 volivol with AddaVax™™ adjuvant
{Invivogen, San Diego, CA} to reach a final concentration of 0.00% or 4.03 mg/mL antigen.
Mice were injected intramuscularly into the gastrocnenuins muscle of each hind leg vsing a
27-pange needle (BD, San Diego, CAY with 50 ull per injection site (100 pd total) of
immunogen under isoflurane anesthesia. To obiain sera all mice were bled two weeks after
prime and boost immunizations. Blood was collected via sabmenial venous punchure and
rested in 1.5 mL plastic Eppendorf tubes at room temperatare for 30 minutes to allow for
coagulation. Serum was separated from hematocrit via centrifugation at 2000 ¢ for 10

minutes. Complement factors and pathogens 1o tsolated seram were heal-inactivated via
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incubating serum at S6°C for 60 minutes. Serum was stored at 4°C or -B0°C until use. Six
weeks post-boost, mice were exported from Comparative Medicine Facility at the University
of Washington, Seattle, WA to an AAALAC acoredited Anmnal Brosafety Level 3 {(ABSL3)
Laboratory at the University of North Carolina, Chapel Hill, After a 7-day acclimation time,
mice were anesthetized with a mixiure of ketaming/xylazine and challenged intranasally with
107 plague-forming units {(pfi) of mouse-adapted SARS-CoV-2 MA strain for the evaluation
of vaceing efficacy (TACUC protocol 20-114.0). After infection, body weight was monitored
daily uniil the fermination ol the study two days post-inlection, when lung and nasal turbinate
tissues were harvested 1o evalnate the viral load by plague assay. All experiments were
conducted at the University of Washington, Seattle, WA, and Unnversity of Notth Carelina,
Chapel Hili, NC according to approved Institutional Animal Care and Use Committee

protocols.

Immunization {Kymab Darwia™ mice)

Kymab Darwin™ mice {a mix of males and females, 10 weeks of age), 5 mice per
dosing groap, were vacemated with a prime mmonization and three weeks later boosted with
a second vaccingtion. Prior to inoculation, inununogen suspensions were gently mixed 1|
volivol with AddaVax™ adjuvant {Invivogen) to reach a final concentration of $,009 or 0,03
mg/ml. antigen. Mice were mjected miramuscularty mnto the tibialis muscle of cach hind feg
using a 30-gange needle (B} with 20 ul per injection site (40 ul total} of immanogen under
wsoflurane anesthesia. A final boost was sdministered intravenouslty (30 ul.} with no adjevant
at week 7. Mice were sacrificed 5 days later under UK Home Officg Schedule 1 {rising
concentration of COz} and spleen, lymph nodes, and bone marrow crvopreserved. Whole
blood {{1.1 ml) was collected 2 weeks after cach dose {weeks €8, 2. 5, and week 8 termunal
blead). Serum was separated from hematocrit via centrilisgation at 2000 g for 16 minutes.
Serum was stored at -20°C and was used to monitor fiiers by ELISA. All mice were
maintained and all procedures camried owt under United Kingdom Home Office License
TG/8718 and with the approval of the Wellcome Trust Sanger fostitute Animal Welfare and

Ethical Review Body.

ELISA
For anti-5-20 ELISA, 25 uk of 2 ugfml 5-2F was plated onte 384-well Nune

Maxisorp™ (ThermoFisher) plates in PBS and sealed overnight at 4°C. The next day plates
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were washed 4x in Tris Buffered Saline Tween (TBST} using a plate washer (BioTek) and
blocked with 2% BSA i TBST for | hat 37°C. Plates were washed 4% in TBST and 1:5
sertal dilustons of mouse, WHP, or human sera were made in 25 ul. TBST starting at 1:25 or
1:50 and mcubaied at 37°C for 1 h. Plates were washed 4x in TBST, then anii-rmouse
{Tnvitrogen} or anti-hwman (Invitrogen} horseradish peroxidase-conjugated antibodies were
diluted 1:3 000 and 23 ub added to each well and incubated at 37°C for 1 h. Plates were
washed 47 in TBST and 25 yl of TMB (SeraCare) was added to every well for 5 nun at
room temperature, The reaction was quenched with the addiiion of 25 yuL of IN NCL Plates
were immediately read at 450 nm on a VarioSkanLux™ plate reader {YhermoFisher} and
data plotted and fit in Prism™ {GraphPad) using vonlinear reprassion sigmotdal, 4PL, X 18

log{concentration} to determine ECse values from curve fits.

Pseudovirus production

MLV -based SARS-CoV-2 8, SARS-CoV §, and WIV-{ pseudotypes were prepared
as previously described (Millel and Whittaker, 2016; Walls et al, 2026} Briefly, HEK293T
cells were co-transfected using Lipofectaming™ 2000 (Life Technologies) with an S-
encoding plasmid, an MLV Gag-Pol packaging construct, and the MLV transfer vector
encoding a luciferase reporter according to the mmnufactarer’s instructions, Cells were
washed 37 with Opti-MEM and incubated for § h af 37°C with translection medium, DMEM
containing 10% FBS was added for 60 k. The supernatants were harvested by a 2,500 ¢ spin,
{ihered through a (.45 ym filter, concentrated with a 160 kDa membrang for 10 min at 2,500

£ and then aliguoted and placed at -80°C.

Pseudovirus entry and serum nentralization assays

HEK-hACE? cells were caltured in DMEM with 10% FBS (Hyclone} and 1%
PenStrep with 8% CUh i a 37°C incubator { ThermoFisher). Oue day prior to infection, 40
1L of poly-dysine (Sigma) was placed into Bé~well plates and incobated with rotation for 3
main. Poly-lvsine was removed, plates were dried for 5 min then washed 1x with DMEM prior
to plating cells. The following day, cells were checked to be at 8% confluence. In a half~ares
G6-well plate a 1:3 serial dibation of sera was made in DMEM starting between 1.3 and 1:66
mitial dilution in 22 ul. final volume. 22 pi. of psendovirus was then added to the serigl
dilution and incubated at room temperature for 30-60 min. HEK-hACE2R plate media was

removed and 40 pl. of the serafvirus nuxture was added {o the cells and meubated for 2 h at
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37°C with 8% COn. Following incubation, 40 plL 20% FBS and 2% PenSirep containing
DMEM was added to the cells for 48 b, Following the 48-h infection, One-Glo-EX™
(Promegs) was added to the cells in half celturmg volume (40 pl added) and meubated i the

dark for § min prior to reading on a Varioskan™

LUX plate reader {ThermoFisher}.
Measurements were done on all ten mouse sera samples from each group in at least duplicate.
Relaive lnciferase units were plotted and normalized in Prism™ (GraphPad) using a zevo
value of cells alone and a 100% value of 1:2 vitus alone. Nonlinear regression of
log(inhibilor) vs. normalized response was used o determine ICso values from curve fits,
Mamy-Whithey tests were ased to compare two groaps 1o determine whether they were

statistically different.

Live virus production

SARS-CoV-2-manoLuc vires (WAI strain} in which ORF7 was replaced by
nanoluciferase pene (manoluc}, and mouse-adapted SARS-CoV-2 {SARS-CoV-2 MA)}
(Dinnon et al., 2020) were generated by the coronavirus reverse genetics svstem described
previously {Hou et al,, 2020}, Recombmant viruses were generated m Vero Bo cells (ATCC-
CRL1586) grown in DMEM high glucose media (Gibeo #1 1993065) supplemented with 10%;
Hyclone™ Fetal Clone [ (GE SSHIN06603H1), 1% non-essential amino acid, and 1%
PendStrep 1o a 37°C +5% CO; incubator. To generate recombinant SARS-CoV-2, seven DNA
fragments which collectively encode the full-length genome of SARS-CoV-2 flanked by a §'
T7 promoter and a 3’ polyvA tail were ligated and transceibed & vitro. The transcribed RNA
was electroporated into Vero E6 cells to penerate a PO virus stock. The seed virus was
amplified twice in Vero B6 cells at low mot for 48 h to create a working stock which was
titered by plague assay (How et al,, 2020%. Al the hive virus experiments, mcluding the
tigation and electroporation sleps, were performed under biosafety level 3 (BSL-3) conditions
at negative pressure, by operators in Tyvek suits wearing personal powered-akr purifyving

respirators,

Euciferase-based serum newtralization assay, SARS-CoV-Z-naneLue

Vero E6 cells were seeded at 2x10% cellsiwell in a 96-well plaie 24 h before the assay.
One hundred pf of SARS-CoV-2-ngneLuc virus (Hou et al., 2020) were mixed with serum
at 111 ratio and incubated a1 37°C for T h. An &-point, 3-fold dilution curve was generated for

each sample with starling concentration at 1:2( (standard) or 1:2000 (high newtralizer). Vires
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and serum mix was added to each well and meubated af 37°C + 5% CO: for 48 h. Luciferase
activities were measured by Nano-Glo™ Luciferase Assay System (Promega, W1 following
manufacturer protocel using SpectraMax™ M3 luminometer {Molecular Device). Pereent
inkibition and 0% inhibition concentration ({C34) wera calculated by the followmg
equation; {I-{RLU with sample/ RLU with mock freatment}] » 100%,. Fifty percent inhibition
titer (1Cso) was calculated in GraphPad Prism™ §.3.0 by fitting the data poinis using 2

sigmoidal dose-response (variable stope) curve.

Tetramer preduction

Recombinant SARS-CoV-2 S-2P trimer was biotinylated using the EZ-Link’ Sulfo-
NHS-LC Biotinylation Kit { ThermoFisher} and tetramerized with streptavidin-APC (Agilent)
as previously described {Krishnamurty et al, 2016; Tavlor el al,, 2012). The RBD domain of
SARS-CoV-2 § was biotinviated and tetramerized with streptavidin-APC {Agilent). The APC
decoy reapent was generated by conjugating SA-APC to Dylight™ 755 using a DyvLight 755
antibody labelng kii (ThermoVisher), washing and removing unbound DyLight 733, and
meobating with excess of an irrelevant biotinylaled His-lagged protein. The PE decoy was
generated in the same manver, by conjugating SA-PE to Alexa Fluor 647 with an AF647

antibody labeling kit (ThermoFisher),

Mouse immunization, cell enrichment, and flow cytometry

For phenotyping of B cells, 6-week old female BALB/C mice, threg pey dosing group,
were immunized intramuscularly with 50 gl per injection site of vaccine formulations
containing 5 pg of SARS-CoV-2 antigen (either S-2P trimer or RBD, but not including mass

AL

from the 153-50 nanoparticle) nuxed £ volivol with AddaVeax™™ adjuvant on day 0. All
experimental mice were enthanized for harvesiing of inguinal and popliteal tymph nodes on
day 1. The experiment was repeated two fimes. Poplileal and ingoinal lymph nodes were
collected and pooled for individual mice. Cell saspensions were prepared by mashing bymph
nodes and filtering throagh 160 uM Nitex™ mesh. Cells were resuspended in PBS containing
2% FBS and Fe block {2.4G2), and were incubated with L oM Decoy tetramers al room
temperature for 20 min. RBD-PE tetramer and Spike-APC teframer were added at a
concentration of 10 nM and incubated on ice for 20 min. Cells were washed, incubated with
anti-PE and anti-APC magnetic beads on ice for 30 min, then passed over maguetized LS

columns {Miltenyt Brotec). Bowsd B cells were stained with anti-mouse B220{BUV737),
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CD3 (PerCP-Cy3.5), CDI3R (BV630), CD38 (Alexa Fluor™ 700), GL7 (eFluor™ 450), IeM
(BY786), 1eDy (BUVIGS), CDT73 (PE-Cy7), and CDRO (BVAGS) on ice for 20 min. Cells were

™

run on the Cytek Aurora™ and analyzed using FlowJo®™ software (Treestar). Cell counts

were determined using Accucheck™ cell counting beads.

NHP bmunization

A Pigiail macague was imununized with 250 yg ol RBD-12G8-153-30 nanoparticle
(88 ug RBD antigen} at day 0 and day 28, Blood was collected at days 0, 10, 14, 28, 42, and
56 days post-prime. Serwmn and plasma were collected as previously described (Erasmus et
al., 2020}, Prior to vaceination or bloond collection, antmals were sedated with an
intramuscular injection { 10 mg'ke) of ketamine {Ketaset®, Henry Schen). Prior to
inoculation, immmwogen suspensions were gently mixed 1:1 volivol with AddaVax™
adjuvant {Invivogen, San Diego, CA) to reach a final concentration of 0.250 mg/mL antigen.
The vaccine was delivered intramuscularly ato both quadticeps mwuscles with 1wl per
mjection site on days O and 28, All injection sites were shaved prior to injection and
montored post-ijection for any signs of tocal reactogenicily. At ach study timepoint, full
phvsical exams and evaluation of gensral health were performed on the animals, s

previousty described {Erasmus et al,, 2020), and no adverse events were observed,

Competition Bio-layer Interferometry

Purification of Fabs from NHP seram was adapted from (Bovoglo-Bamum et al.,
2020}, Briefly, ImL of day 36 serum was diluted to 18 mbL with PBS and incubated with 1
k. of 3% PBS washed protein A beads (GenScript) with agitation overnight at 37°C. The
next day beads were thoroughly washed with PBS using a gravity flow colunm and bound
antibodies were eluted with .1 M glycine pH 3.5 mto IM Tris-HCH{pH 8.0} t0 a final
conceniration of 100 mM. Serom and early washes that flowed through were re-bound fo
beads overnight again for a second, repeat elution. 1gGs were concentrated (Amicon 30 kDa}
and buffer exchanged into PBS. 2= digestion bulfer (40 mM sodium phosphate pH 6.5, 20
mM EDTA, 40 mM cysteine) was added to concentrated and pooled 1gGs, 304 aL of
resuspended immobilized papain resin {ThermoFisher Scientific} freshly washed in Ix
digestion buffer (20 mM sodium phosphate, 10 mM EDTA, 20 mM cysteine, pH 6.5) was
added to purified [eGs in 2> digestion buffer sud samples werg agitated for Shat 37°C. The

supernatant was separated from resin and resin washes were collected and pooled with the
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resin flow through. Pooled supernatants were sterile~-filtered at 0.22 pm and applied 6% to
PRS-washed protein A beads i a gravity flow coluwmn. The column was eluted as described
above and the papain procedurs repeated overmight with undigested 1pGs to inerease yield.
The protein A flowthroughs were pooled, concenirated (Amicon 10 kDa}, and buffer
exchanged into PBS. Purity was checked by SDS-PAGE.

Epitape competition was performed and analyzed using BLL on an Octet™ Red 96
Syster (Pall™ Forté Bio/Sartorius) at 30°C with shaking at 1000 rpm. NTA biosensors
{(Pali™ Forié Bio/Sartorius) were hydrated in water for at least 10 minutes, and were then
equilibrated in 10x Kinetics buafTer (KB) (Pali™ Forié Bio/Sartorins) for 60 seconds. 10
ng/ul. monomeric RBD in 10~ KB was loaded for 100 secounds prior to baseline acquisition
in H=KB for 300 seconds. Tips were then dipped into difuted polyclonal Fab in 10< KB ina
123 serial dilution beginning with 3000 oM for 2000 seconds or maintained in 10#KB. Tips
bound at varying levels depending on the polvclonal Fab concentration. Tips were then
dipped taio the same concentration of polvclonal Fab plus etther 200 nM of hACEZ, 400nM
CR3022, or 200M S30Y and incubated for 3002000 seconds. The daia were baseline

] Thi

subiracted and aligned © pre-loading with pelyclonal Fabs using the Pall™ Forié

Bio/Sartorius analvsis software (version 12.03 and plotted in PRISM’™.
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We claim:

1. A polypeptide comprising an amino acid sequence at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or at least 100% identical to the amino acid sequence
selected from the group consisting of SEQ ID NOS: 1-84, 138-146, and 167-184, wherein X1
is absent or is an amino acid linker, and wherein residues in parentheses are optional and may

be present or some or all of the optional residues may be absent.

2. The polypeptide of claim 1, comprising the amino acid sequence selected from
the group consisting of SEQ ID NOS:1-12 and 142-151.

3. The polypeptide of claim 1, comprising the amino acid sequence selected from

the group consisting of SEQ ID NOS: 1-8.

4. The polypeptide of claim 1, comprising the amino acid sequence selected from

the group consisting of SEQ ID NOS: 1-4

5. The polypeptide of claim 1, comprising the amino acid sequence selected from
the group consisting of SEQ ID NOS:5-8.

6. The polypeptide of claim 1, comprising the amino acid sequence selected from

the group consisting of SEQ ID NOS:1 and 5.

7. The polypeptide of claim 1, comprising the amino acid sequence of SEQ ID
NO:1L.

8. The polypeptide of claim 1, comprising the amino acid sequence of SEQ ID
NO:5.

9. A nanoparticle comprising a plurality of polypeptides according to any one of

claims 1-8.

10. A nanoparticle, comprising;
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(@) a plurality of first assemblies, each first assembly comprising a plurality of
identical first proteins; and,

(b) a plurality of second assemblies, each second assembly comprising a
plurality of second proteins;

wherein the amino acid sequence of the first protein differs from the sequence of the
second protein;

wherein the plurality of first assemblies non-covalently interact with the plurality of
second assemblies to form the nanoparticle; and

wherein the nanoparticle displays on its surface an immunogenic portion of a SARS-

CoV-2 antigen or a variant or homolog thereof, present in the at least one second protein.

11.  The nanoparticle of claim 10, wherein the second proteins comprise an amino
acid sequence at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least
100% identical to the amino acid sequence selected from the group consisting of SEQ ID
NOS:85-124 or 185-193, wherein X1 for at least one second protein comprises an
immunogenic portion of a SARS-CoV-2 antigen or a variant or homolog thereof, X2 is

absent or an amino acid linker, and residues in parentheses are optional.

12.  The nanoparticle of claim 11, wherein the second proteins comprise the amino

acid sequence selected from the group consisting of SEQ ID NOS:85-88.

13.  The nanoparticle of claim 11, wherein the second proteins comprise the amino

acid sequence selected from the group consisting of SEQ ID NO:85-86.

14.  The nanoparticle of claim 11, wherein the second proteins comprise the amino

acid sequence of SEQ ID NO:85.

15, The nanoparticle of any one of claims 11-14, wherein X1 in at least 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the second proteins comprises an amino
acid sequence having at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% amino acid sequence identity to a Spike (S) protein extracellular domain

(ECD) amino acid sequence, an S1 subunit amino acid sequence, an S2 subunit amino acid
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sequence, an S1 receptor binding domain (RBD) amino acid sequence, and/or an N-terminal

domain (NTD) amino acid sequence, from SARS-CoV-2, or a variant or homolog thereof.

16.  The nanoparticle of any one of claims 11-15, wherein X1 in at least 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the second proteins comprises an amino
acid sequence having at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% amino acid sequence identity to the amino acid sequence selected from

the group consisting of SEQ ID NO:125-137.

17.  The nanoparticle of any one of claims 11-16, wherein X1 in at least 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the second proteins comprises an amino
acid sequence having at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% amino acid sequence identity to the amino acid sequence of SEQ ID
NO:125.

18.  The nanoparticle of claim 17, wherein:

(a) X1 in at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the
second proteins comprise mutations at 1, 2, 3, 4, 5, 6, 7, or all 8 positions relative to SEQ ID
NO:125 selected from the group consisting of K9ON, K90T, G119S, Y126F, T1511, E157K,
E157A, S167P, N174Y, and L125R, including but not limited to mutations comprising one
of the following naturally occurring mutations or combinations of mutations:

N174Y (UK variant);

K90ON/E157K/N174Y (South African variant);

K90N or T/E157K/N174Y (Brazil variant); or

L125R (LA variant).; or

(b) X1 in at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the
second proteins comprise mutations at 1, 2, 3, 4, 5, 6, 7, or all 8 positions relative to SEQ ID
NO:130 selected from the group consisting of L18F, T20N, P26S, deletion of residues 69-70,
D80A, D138Y, R190S, D215G, K417N, K417T, G446S, L452R, Y453F, T4781, E484K,
$494P, N501Y, A570D, D614G, H655Y, P681H, A701V, T716L including but not limited to
mutations comprising one of the following naturally occurring mutations or combinations of

mutations:
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NS501Y, optionally further including 1, 2, 3, 4, or 5 of deletion of one or both of
residues 69-70, A570D, D614G, P681H, and/or T716L (UK variant);

K417N/E484K/N501Y, optionally further including 1, 2, 3, 4, or 5 of L18F, D80A,
D215G, D614G, and/or A701V (South African variant),

K417N or T/E484K/N501Y, optionally further including 1, 2, 3, 4, or 5 of L18F,
T20N, P26S, D138Y, R190S, D614G, and/or H655Y  (Brazl variant); or

L452R (LA variant).

19. The nanoparticle of claim 17, wherein X1 in at least 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, or 100% of the second proteins comprise 1, 2, 3, or all 4 mutations

relative to SEQ ID NO:125 selected from the group consisting of K9ON, K90T, E157K, and
N174Y.

20.  The nanoparticle of any one of claims 11-19, wherein X1 in at least 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the second proteins comprises the amino
acid sequence of SEQ ID NO:125.

21.  The nanoparticle of any one of claims 11-20, wherein X1 in 100% of the
second proteins comprises the amino acid sequence of SEQ ID NO:125, and all second

proteins are identical.

22, The nanoparticle of any one of claims 10-21, wherein the plurality of second

assemblies in total comprise 2, 3, 4, 5, 6, 7, 8, or more different SARS-CoV-2 antigens.

23.  The nanoparticle of any one of claims 10-22, wherein the plurality of second
assemblies in total comprise 2, 3,4, 5, 6, 7, 8, or more polypeptides comprising the amino

acid sequence of the polypeptide of any one of claims 1-8.

24, The nanoparticle of any one of claims 10-23, wherein all second assemblies
comprise at least one second protein comprising the amino acid sequence of the polypeptide

of any one of claims 1-8.
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25.  The nanoparticle of any one of claims 10-24, wherein all second proteins

comprise the amino acid sequence of the polypeptide of any one of claims 1-8.

26, The nanoparticle of any one of claims 10-25, wherein the first protein
comprises an amino acid sequence at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence selected the group
consisting of SEQ ID NOS:152-159, wherein residues in parentheses are optional and may be

present or some or all of the optional residues may be absent.

27.  The nanoparticle of any one of claims 10-26, wherein the first protein
comprises an amino acid sequence at least at least 85%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence selected the group
consisting of SEQ ID NOS:152-159.

28.  The nanoparticle of any one of claims 10-27, wherein the first protein

comprises the amino acid sequence of SEQ ID NO:155.

29.  The nanoparticle of claim 28, wherein the at least one second assembly
comprises at least one second protein comprising the amino acid sequence selected from the

group consisting of SEQ ID NO:85-88.

30.  The nanoparticle of claim 28, wherein all second assemblies comprise at least
one second protein comprising the amino acid sequence selected from the group consisting of

SEQ ID NO:85-88.

31 The nanoparticle of claim 28, wherein all second proteins comprise the amino

acid sequence selected from the group consisting of SEQ ID NO:85-88.

32, The nanoparticle of any one of claims 10-31, wherein each first assembly is

pentameric and each second assembly is trimeric.

33.  The nanoparticle of any one of claims 10-32, wherein:

(a)  the first protein comprises the amino acid sequence of SEQ ID NO:155;
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(b)  all second proteins comprise the amino acid sequence of SEQ ID NO:85,
wherein X1 in at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the second
proteins comprise an amino acid sequence at least 75%, 80%, 85%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99%, or 100% amino acid sequence identity to the amino acid
sequence of SEQ ID NO:125.

34, The nanoparticle of any one of claims 10-33, wherein:

(a)  the first protein comprises the amino acid sequence of SEQ ID NO:155;

(b)  all second proteins comprise the amino acid sequence of SEQ ID NO:85,
wherein X1 in at least 50%, 60%, 70%. 80%, 90%, or 100% of the second proteins comprise
an amino acid sequence at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%, or 100% amino acid sequence identity to the amino acid sequence of SEQ
ID NO:125.

35, The nanoparticle of any one of claims 10-34, wherein:

(a)  the first protein comprises the amino acid sequence of SEQ ID NO:155;

(b)  all second proteins comprise the amino acid sequence selected from the group
consisting of SEQ ID NO:1-8.

36.  The nanoparticle of any one of claims 10-35, wherein:
(a)  the first protein comprises the amino acid sequence of SEQ ID NO:155;

(b)  all second proteins comprise the amino acid sequence of SEQ ID NO:1 or 5.

37. A composition, comprising a plurality of nanoparticles of any one of claims

10-36, preferably comprising a plurality of the nanoparticles of any one of claims 33-36.

38. A nucleic acid molecule encoding the polypeptide of any one of claims 1-8,

preferably encoding the amino acid sequence of SEQ ID NO:1-12.

39.  The nucleic acid molecule of claim 42, wherein the polynucleotide comprises
an mRNA.
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40.  An expression vector comprising the nucleic acid molecule of claim 38 or 39

operatively linked to a suitable control sequence.

41, A cell comprising the polypeptide, the nanoparticle, the composition, the

nucleic acid, and/or the expression vector of any preceding claim.

42, A pharmaceutical composition comprising
(a)  the polypeptide, the nanoparticle, the composition, the nucleic acid, the
expression vector, and/or the cell of any preceding claim; and

(b)  apharmaceutically acceptable carrier.

43, The pharmaceutical composition of claim 46, comprising a plurality of the

nanoparticles of any one of claims 33-36.

44, The composition or the pharmaceutical composition of any preceding claim,

further comprising an adjuvant.

45, A vaccine comprising the polypeptide, the nanoparticle, the composition, the

nucleic acid, and/or the composition of any preceding claim.

46.  The vaccine of claim 45, comprising a plurality of the nanoparticles of any one

of claims 33-36.

47, A method to treat or limit development of a SARS-CoV-2 infection,
comprising administering to a subject in need thereof an amount effective to treat or limit
development of the infection the polypeptide, nanoparticle, composition, nucleic acid,

pharmaceutical composition, or vaccine of any preceding claim.

48.  The method of claim 47, comprising administering to the subject a plurality of
the nanoparticles of any one of claims 33-36, the pharmaceutical composition of claim 43, or

the vaccine of claim 46.

116
SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2021/163438 PCT/US2021/017799

49, The method of claim 47 or 48, wherein the subject is not infected with SARS-
CoV-2, wherein the administering elicits an immune response against SARS-CoV-2 in the

subject that limits development of a SARS-CoV-2 infection in the subject.

50.  The method of claim 49, wherein the administering comprises administering a
first dose and a second dose, wherein the second dose is administered about 2 weeks to about

12 weeks, or about 4 weeks to about 12 weeks the first dose is administered.

51, The method of claim 50, wherein the administering comprises

(a) administering a prime dose to the subject of a DNA, mRNA, or adenoviral
vector vaccine, wherein the DNA, mRNA, or adenoviral vector vaccine encodes an amino
acid sequence having at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% amino acid sequence identity to the amino acid sequence of SEQ ID
NO:125-137; and

(b)  administering a boost dose to the subject of the polypeptide, nanoparticle,

composition, nucleic acid, pharmaceutical composition, or vaccine of any preceding claim.

52, The method of claim 50, wherein the administering comprises

(a)  administering a prime dose to the subject of the polypeptide, nanoparticle,
composition, nucleic acid, pharmaceutical composition, or vaccine of any preceding claim ;
and

(b) administering a boost dose to the subject of a DNA, mRNA, or adenoviral
vector vaccine, wherein the DNA, mRNA, or adenoviral vector vaccine encodes an amino
acid sequence having at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% amino acid sequence identity to the amino acid sequence of SEQ ID
NO:125-137.

53, The method of any one of claims 47-52, wherein the immune response

comprises generation of neutralizing antibodies against SARS-CoV-2.

54.  The method of any one of claims 47-53, wherein the immune response
comprises generation of SARS-CoV-2 spike protein antibody-specific responses with a mean

geometric titer of at least 1 x 10°.
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55, The method of any one of claims 47-48 or 53-54, wherein the subject is
infected with a severe acute respiratory (SARS) virus, including but not limited toSARS-
CoV-2, wherein the administering elicits an immune response against the SARS virus in the

subject that treats a SARS virus infection in the subject.

56.  Akit, comprising:
(a)  the polypeptide of any one of claims 1-8, preferably wherein the
polypeptide comprises the amino acid sequence of SEQ ID NO:1 or 5; and
(b)  afirst protein comprising an amino acid sequence at least at least 75%,
80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the
amino acid sequence selected the group consisting of SEQ ID NOS:152-159, wherein
residues in parentheses are optional and may be present or absent, preferably wherein the first

protein comprises the amino acid sequence of SEQ ID NO:155.

57.  AKkit, comprising;

(a)  anucleic acid encoding the polypeptide of any one of claims 1-8, preferably
wherein the polypeptide comprises the amino acid sequence of SEQ ID NO:1 or 5; and

(b)  anucleic acid encoding first protein comprising an amino acid

sequence at least at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% identical to the amino acid sequence selected the group consisting of
SEQ ID NOS:152-159, wherein residues in parentheses are optional and may be present or
absent, preferably wherein the first protein comprises the amino acid sequence of SEQ 1D

NO:155.

58 AKkit, comprising;

(a)  an expression vector comprising a nucleic acid encoding the
polypeptide of any one of claims 1-8 operatively linked to a suitable control sequence,
preferably wherein the polypeptide comprises the amino acid sequence of SEQ ID NO:1 or 5;
and

(b)  an expression vector comprising a nucleic acid encoding first protein
comprising an amino acid sequence at least at least 75%, 80%, 85%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to the amino acid sequence selected the
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group consisting of SEQ 1D NOS:152-159, wherein residues in parentheses are optional and
may be present or absent, wherein the nucleic acid is operatively linked to a suitable control
sequence, preferably wherein the first protein comprises the amino acid sequence of SEQ ID

NO:155.

59.  AKkit, comprising;

(a) a cell comprising an expression vector, wherein the expression vector
comprises a nucleic acid encoding the polypeptide of any one of claims 1-8 operatively
linked to a suitable control sequence, preferably wherein the polypeptide comprises the
amino acid sequence of SEQ ID NO:1 or 5; and

(b)  acell comprising an expression vector, wherein the expression vector
comprises a nucleic acid encoding first protein comprising an amino acid sequence at least at
least 75%, 80%, 85%, 90%, 91%, 92%. 93%. 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identical to the amino acid sequence selected the group consisting of SEQ ID NOS:152-159,
wherein residues in parentheses are optional and may be present or absent, wherein the
nucleic acid is operatively linked to a suitable control sequence, preferably wherein the first

protein comprises the amino acid sequence of SEQ ID NO:155.
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