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DNA ENCODED NANOPARTICLES AND METHOD OF USE THEREOF AS A
CORONAVIRUS DISEASE 2018 (COVID-18) VACCIRE

CROSS REFERENCE TORELATED APPLICATIONS

This application claims priority to U.S. Provisional Application No.
63/109,123, filed November 3, 2020, which 1s hereby incorporated by reference herein in ifs

entirety.

BACKGROUND

Corovaviruses (CoV) are a fammly of viruses that are comwuon worldwide and
cause a range of illnesses in humans from the conumon cold to severe acute respiratory
syndrome (SARS). Coronaviruses can also cause a number of diseases in animals. Human
coronaviruses 229E, O0C43, NL63, and HKU! are endemiic in the human population.

COVID-19, known previously as 2019-0CoV pneumonia or disease, has
rapidly emerged as a global public health crisis, joining severe acute respiratory syndrome
{(SARS) and Middle East respiratory syndrome (MERS) in a growing number of coronavirus-
associated illnesses which have jumped from animals to people. There are at least seven
identified coronaviruses that infect humans. In December 2019 the city of Wuhan in China
became the epicenter for an outbreak of the novel coronavirus, SARS-CoV-2. SARS-CoV-2
was 1solated and sequenced {rom human airway epithelial cells from infecied patients (Zhu et
al., 2020 N Engl J Med, 382:727-733, Wu et al., 2020, Nature, 579:265-269). Dsease
symyptoms can range from mild flu-like fo severe cases with life-threaterung pneumontia
(Huang et al,, 2020, Lancet, 395:497-506). The global situation is dynamically evolving, and
on January 30, 2020 the World Health Organization declared COVID-19 as a public health
emergency of international concern (PHEIC) and on March 11, 2020 it was declared a global
pandemic. As of Apnil 1, 2020 there are 932,605 people infected and 46,809 deaths
{gisaid. org/epiflu-applications/global~cases-covid-19). Infections have spread to mudtiple
coutinents. Human-to-hurnan transroission has been observed m multiple coundries, and a
shortage of disposal personal protective equipment, and prolonged survival times of
coronaviruses on inanimate surfaces (Hulkower et al., 2011, Am J Infect Control 39, 401-

407}, have compounded this already delicate sttuation and heightened the risk of nosoconual



WO 2022/098728 PCT/US2021/057859

mfections. Advanced research activities roust be pursued in parallel to push forward
protective modalities in an effort to protect billions of vulnerable individuals worldwide.
Currently, no licensed preventative vaccine or specific anti-viral therapy is available for
COVID-19.

Accordingly, a need remains in the art for the development of a safe and
effective vaccine for the treatment of SARS-CoV-2 infection or the treatment or prevention

of a disease or disorder associated with SARS-CoV-2 mfection such as COVID-19.

SUMMARY OF THE INVENTION

In one embodiment, the invention relates to an immunogenic composition
comprising a nucleic acid molecule encoding a SARS-CoV-2 spike protein receptor binding
domain (RBD). In one embodiment, the nucleotide sequence encodes a peptide comprising an
amino acid sequence having at least about 90% identity over an entire length of an amino
acid sequence of SEQ 1D NQG:2, SEQ ID NG:4, SEGQ ID NO:6 or SEQ ID NOR Inone
embodiment, the nucleotide sequence encodes SEQ 1D NO:2, SEQ 1D NOG:4, SEQ ID NG:o
or SEQG ID NO:8. In one embodiment, the nuclestide sequence encodes at least two peptides,
wherein each of the at least two peptides comprises an amino acid sequence having at least
about 90% 1dentity over an entire length of an amino acid sequence of SEQ D NG:2, SEQ
1D NO:4, SEG 1D NOG:6 or SEQ ID NO:S. In one embodiment, the nucleotide sequence
encodes at least two of SEQ ID NG:2, SEQ ID NG4, SEQ 1D NO:6 and SEQ ID NG,

In one embodiment, the nucleotide sequence comprises at least about 90%
identity over an entire length of the nucleic acid sequence of SEQ ID NO: 1, SEQ I NG:3,
SEQ ID NG5 or SEQ ID NG7. In one embodiment, the nucleotide sequence comprises
SEQID NG, SEQ ID NG:3, SEQ ID NG:S or SEQ ID NO:7. In one embodiment, the
nucleotide sequence encodes at least two peptides, wherein each of the encoding sequences
comprises at least about 90% identity over an entire length of a nucleotide sequence of SEQ
1D NG 1, SEQ D NG:3, SEQ ID NO:S or SEQ ID NO:7. In one embodiment, the nucleotide
sequence comprises at feast two of SEQ ID NG: 1, SEQ ID NO:3, SEQ ID NGS5 and SEQ ID
NG:7.

In one embodiment, the nucleic acid molecule further encodes an
oligomerization domain. In one embodiment, the nucleic acid molecule encodes a peptide

comprising an amino acid sequence having at least about 30% identity over an entire length

-
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of an amino acid sequence of SEQ ID NOG:12, SEQ ID NO: 14, SEQ ID NG 16, SEQ 1D
NG 18 or SEQ 1D NO:20. In one embodiment, the nucleic acid roolecule encodes a peptide
comprising SEQ 1D NG 12, SEQ 1D NG 14, SEQ ID NG 16, SEQID NG 18 or SEQ ID
N(:20. In one embodiment, the nucleic acid molecule comprises a nucleotide sequence
having at least about 90% identity over an entire length of a nucleotide sequence of SEQ ID
NGO, SEQ ID NO:13, SEQ 1D NG 15, SEQ D NGO:17 or SEQ D NG:19. In one
embodiment, the nucleic acid molecule comprises a nucleotide sequence of SEQ 1D NO: 11,
SEQIDNG: 13, SEQGID NG:1S, SEQ D NO:T7 or SEQG ID NG 19,

{n one embodiment, the nucleic acid molecule encodes a self-assembling
nanoparticle comprising an amino acid sequence having at least about 90% 1deniitv over an
entire length of SEQ ID NG:22, SEQ ID NG:24, SEQ ID NO:26, SEQ ID NO.28, SEQ 1D
NG:30, SEQ TD NO:32, SEQ 1D NG:34, SEQ 1D NO:36, SEQ ID NO:3%, SEQ ID NO:40,
SEQ ID NO:42, SEQ ID NO:44, SEQ [D NO:46, SEQ 1D NO:48, SEQ 1D NO:50, SEQ ID
NO:52. SEQ ID NO:54, SEQ ID NO:56, SEQ ID NO:58, SEQ 1D NO:60, SEQ 1D NO:62,
SEQ ID NO:64, SEQ ID NO:66 or SEQ ID NO:68. In one embodiment, the nucleic acid
maolecule encodes a self-assembling nanopariicle comprising an amino acid sequence of SEQ
ID NO:22, SEQ 1D NO:24, SEQ D NG:26, SEQ 1D NO:28, SEQ 1D NG:30, SEQ ID NO:32,
SEQ ID NG:34, SEQ 1D NG:36, SEQ D NG:33, SEQ ID NO:40, SEQ ID N(O:42, SEQ ID
NO:44, SEQ ID NO:46, SEQ 1D NO:48, SEQ 1D NO:50, SEQ 1D NO:52, SEQ 1D NO:54,
SEQ ID NO:36, SEQ 1D NO:S8, SEQ 1D NO:60, SEQ ID NO:62, SEG 1D NO:64, SEGID
NQO:66 or SEQ ID NO:63. In one embodiment, the nucleic acid molecule encodes a self-
assembling nanoparticle comprising a fragment comprnising at least 60% of the full length
amuno acid sequence of SEQ 1D NG:22, SEQ ID NG:24, SEQ ID NG:26, SEG ID NO:28,
SEQ ID NO:30, SEGQ 1D NO:32, SEQ ID NO:34, SEQ 1D NO:36, SEQ 1D NG:38, SEQ 1D
MNG40, SEQ TP NO42, SEQ 1D NG44, SEQ ID NO46, SEQ ID NO:48, SEQ ID NG5S0,
SEQ ID NG:52, SEQ I3 NG54, SEQ [D NO:56, SEQ 1D NO:58, SEQ 1D NG:60, SEQ ID
NG:62, SEQ ID NO:64, SEQ ID NG:66 or SEQ 1D NOG:68.

In one embodiment, the nucleic acid molecule encoding the self-assembling
nanoparticle comprises a nucleotide sequence having at least about 90% identity over an
entive length of a nucleotide sequence of SEQ 1D NO:21, SEQ 1D NO:23, SEQ 1D NO:2S,
SEQ 1D NO:27, SEQ 1D NO:29, SEQ ID NO:31, SEQ 1D NO:33, SEQ 1D NO:35, SEQ 1D
NO:37, SEQ TD NO:39, SEQ 1D NO:41, SEQ 1D NO:43, SEQ ID NO:45, SEQ ID NO:47,
SEQ ID NO:49, SEQ 1D NO:51, SEQ 1D NO:53, SEQ ID NO:55, SEQ 1D NO:57, SEQ ID
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NG:3%, SEQ ID NO:61, SEQID NO:63, SEQ ID NO:65S or SEQ D NO:6T. In one
embodiment, the nucleic acid molecule encoding the self-assembling nanoparticle comprises
a nuclectide sequence of SEQ ID NG:21, SEQ ID NG:23, SEQ 1D NO:25, SEQ 1D NO27,
SEQ ID NOG:29, SEQ D NG:31, SEQ D NG:33, SEQ ID NO:3S, SEQIDNO:37, SEQ ID
NG:39, SEQ ID NO:41, SEQ ID NG:43, SEQ ID NG4S, SEQ ID NG:47, SEQ ID N(G:49,
SEQ ID NO:51, SEQ 1D NO:53, SEQ 1D NO:35, SEQ 1D NO:57, SEG ID NG5, SEG ID
NGO:61, SEQ ID NG:63, SEQ ID NG:65 or SEQ 1D NO:67. In one embodiment, the nucleic
actd molecule encoding the self-assembling nanoparticle comprises a fragment comprising at
teast 60% of the full length nucleotide sequence of SEQ 113 NG:21, SEQ 1D NG:23, SEQ ID
NG:25, SEQ ID NG:27, SEQ 1D NG:29, SEQ ID NO:31, SEQ ID NO:33, SEQ 1D NO:35,
SEQ D NO:37, SEQ 13 NG:39, SEQ ID NG:4L, SEQ ID NO:43, SEQ ID NG4S, SEQ D
NO:47, SEQ ID NO:49, SEQ TD NGS5, SEQ ID NO:53, SEQ ID NO:SS, SEQ ID NO:57,
SEQ ID NO:59, SEQ ID NO:61, SEQ [D NO:63, SEQ 1D NO:65 or SEQ 1D NO:67.

In one embodiment, the nucleic acid molecule comprises an expression vector.

In one embodiment, the nucleic acid molecule is incorporated into a viral
particle.

in one embodiment, the immunogenic composition further comprises a
pharmaceutically acceptable excipient.

In one embodiment, the immunogenic composition further comprises an
adjuvant.

in one embodiment, the invention relates to a nucleic acid molecule encoding
a SARS-CoV-2 spike protein receptor binding domain (RBD). In one embodiment, the
nucleotide sequence encodes a peptide comprising an anuno acid sequence having at least
about 90% identity over an entire length of an amino acid sequence of SEQ 1D NQO:2, SEQ
IB NG:4, SEQ ID NO:6 or SEG ID NO:8. In one embodiment, the nucleotide sequence
encodes SEQ 1D NO:Z, SEQ 1D NO:4, SEQ ID NO:6 or SEQ 1D NO:S. In one embodiment,
the nucleotide sequence encodes at least two peptides, wherein each of the at least two
peptides comprises an aming acid sequence having at east about 90% identity over an entire
fength of an amino acid sequence of SEQ TR NG:2, SEQ ID NG:4, SEQ ID NG:6 or SEQID
NG:8. In one embodiment, the nucleotide sequence encodes at least two of SEQ 1D NO:2,
SEQ ID NO:4, SEQ 1D NO:6 and SEQ ID NO8.

In one embodiment, the nucleotide sequence comprises at feast about 90%

identity over an entire length of the nucleic acid sequence of SEQ ID NO: 1, SEQ ID NG:3,
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SEQ ID NGS5 or SEQ ID NOG:7. In one embodiment, the nucleotide sequence comprises
SEQ ID NG, SEQ 1D NG:3, SEQ ID NO:S or SEQ 1D NO:7. In one embodiment, the
nucleotide sequence encodes at least two peptides, wherein gach of the encoding sequences
comprises at least about 90% identity over an entire length of a nuclectide sequence of SEQ
IDNG: 1, SEGID NO:3, SEQ ID NO:3 or SEQ ID NG:7. In one erobodiment, the nucleotide
sequence comprises at feast two of SEQ ID NO: 1, SEQ 1D NO:3, SEQ ID NO:3 and SEQ ID
NGT.

In one embodiment, the nucleic acid molecule further encodes an
oligomernization domain. In one embodiment, the nucleic acid molecule encodes a peptide
comprising an anuno acid sequence having at least about 90% identity over an entire length
of an amano acid sequence of SEQ ID NG 12, SEQ ID NO: 14, SEQ ID NO:16, SEQ ID
NO18 or SEQ 1D NO:20. In one embodument, the nucleic acid molecule encodes a peptide
comprising SEQ ID NG: 12, SEQ ID NG 14, SEQ ID NGO 16, SEQ IDNO: 18 or SEQ 1D
WNO:20. In one embodiment, the nucleic acid molecule comprises a nucleotide sequence
having at feast about 90% identity over an entire length of a nucleotide sequence of SEQ 1D
NG 1L SEQ ID NGO 13, SEGQ ID NGS5, SEG ID NO:17 or SEG ID NO: 19, Inone
embodiment, the nucleic acid molecule comprises a nucleotide sequence of SEQ ID NO:11,
SEQ D NO:13, SEQ TR NG5, SEQ ID NG: 17 or SEQ ID NO:19.

In one embodiment, the nucleic acid molecule encodes a self-assembling
nanoparticle comprising an amino acid sequence having at feast about 90% identity over an
entire length of SEQ 1D NO:22, SEQ 1D NG:24, SEQ (D NO:26, SEQ ID NQG:28, SEQ ID
NG:30, SEQ ID NO:32, SEQ ID NO:34, SEQ ID NO:36, SEQ TD NO38, SEQ TD NG440,
SEQ ID NG:42, SEG ID NG44, SEQ ID NQO46, SEQ 1D NG4S, SEQ ID NG5S0, SEQ ID
NG:52, SEQ ID NG54, SEQ ID NO:56, SEQ ID NO:38, SEQ ID NO:60, SEQ 1D NOG:62,
SEQ ID NG:64, SEQ ID NG:66 or SEQ 1D NO:68. In one embodiment, the nucleic acid
molecule encodes a self-asserobling nanoparticle corpprising an amno actd sequence of SEQ
1D NO:22, SEQ IDNO:24, SEG ID NG:26, SEQ ID NG:28, SEQ 1D NG:30, SEQ 1D NO:32,
SEQ ID NO:34, SEQ ID NO:36, SEQ ID NO:38, SEQ 1D NO:40, SEQ 1D NO:42, SEQ ID
NG44, SEQ ID NO:46, SEQ ID NO:48, SEQ 1D NO:S0, SEQ 1D N(O:32, SEQ 1D NG54,
SEQ ID NO:S56, SEQ 1D NO:S8, SEQ 1D NO:60, SEQ 1D NO:62, SEQ IDNG:64, SEQ D
NG:66 or SEQ 1D NG 68, In one embodiment, the nucleic acid molecule encodes a self-
assembling nanoparticle comprising a fragment comprising at least 60% of the full length

amino acid sequence of SEQ 1D NQO:22, SEQ 1D NG:24, SEQ 1D NG:26, SEQ ID NG:28,
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SEQ ID NO:30, SEG ID NO:32Z, SEQ ID NO:34, SEQ 1D NG:36, SEQ ID NG:38, SEQID
NG440, SEQ ID NG:42, SEQ ID NG44, SEG ID NO:d6, SEQ ID NG4S, SEQ 1D NOG:50,
SEQ 1D NO:52, SEQ 1D NO:54, SEQ ID NO:56, SEQ ID NO:S8, SEQ 1D NO:60, SEQ ID
NO:62, SEQ TD NO:64, SEQ 1D NG:66 or SEQ 1D NG:68.

In one embodiment, the nucleic acid molecule encoding the self-assembling
nanoparticle comprises a nucleotide sequence having at least about 90% identity over an
entire length of a nucleotide sequence of SEQ 1D NG:21, SEQ ID NO:23, SEQ ID N{O:25,
SEQ IDNG:27, SEQ ID NG:29, SEQ D NO:31, SEQ 1D NG:33, SEQ ID NG:35, SEQ ID
NG:37, SEQ ID NG:39, SEQ ID NG:41, SEG ID NO43, SEQ TD NO:45, SEQ 1D N(G:47,
SEQ ID NO:49, SEQ ID NOSE, SEG ID NG:33, SEQ 1D NGS5, SEQ ID NG:57, SEQ D
MNO:59, SEQ ID NO:61, SEQ 1D NG:63, SEQ 1D NG:65 or SEQ ID NG:67. In one
embaodiment, the nucleic acid molecule encoding the seif-assembling nanoparticle comprises
a nucleotide sequence of SEQ 1D NO:21, SEQ 1D NO:23, SEQ ID NO:25, SEQ ID NO:27,
SEQ ID NO:29, SEQ ID NO:31, SEQ ID NO:33, SEQ 1D NO:35, SEQ ID NG:37, SEQ ID
NG:39, SEQ ID NO:41, SEQ ID NO:43, SEQ ID NG4S, SEQ 1D NO:47, SEQ 1D NG:49,
SEQ IDNO:S1, SEQ 1D NO:53, SEQ 1D NO:35, SEQ 1D NO:57, SEQ ID NG5S, SEQID
NG:61, SEQ 1D NGO:63, SEQ 1D NG:65 or SEQ 1D NO:67. In one embodiment, the nucleic
acid molecule encoding the self~assembling nanoparticle comprises a fragment comprising at
least 60% of the full length nucleotide sequence of SEG ID NO:21, SEQ ID NO:23, SEQ 1D
NG:25, SEQ ID NO:27, SEQ 1D NO:29, SEQ 1D NGO:31, SEQ 1D NO:33, SEQ 1D NO:35,
SEG ID NG:37, SEQ ID NO:39, SEQ ID NO:41, SEQ IDNQO:43, SEQ 1D NG:45, SEG D
NG:47, SEQ ID NG:49, SEQ ID NO:ST, SEQ ID NO:33, SEQ TD NG5, SEQ D NG:57,
SEQ ID NGO:S9, SEG ID NG:61, SEQ ID NO:63, SEQ TD NO:635 or SEQ I3 NG:67.

in one embodiment, the nucleic acid molecule comprises an expression vector.

In one embodiment, the invention relates 1o a peptide comprising an aming
acid sequence having at least about 90% identity over an entire length of an amino acid
sequence of SEQ 1D NO:2, SEQ ID NO:4, SEGQ ID NO:6 or SEQ ID NG:8. Inone
embodiment, the peptide comprises SEQ ID NG:2, SEQ ID NO4, SEQ ID NG 6 or SEQ ID
NG:8. In one embodiment, the invention relates o a polypeptide compnsing at least two
pephides, wherein each of the at least two peptides comprises an amano acid sequence having
at feast about 90% identity over an entire length of an amino acid sequence of SEQ ID NQG:2,
SEQ ID NG:4, SEQ 1D NG:6 or SEQ ID NO:8. In one embodiment, the polypeptide
comprises at least two of SEQ ID NO:2, SEQ IDNG4, SEQ ID NO:6 and SEQ 1D NG:E.

e
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In one embodiment, the peptide further comprises an oligomerization domain.
In one embodiment, the peptide comprises an amino acid sequence having at least about 90%
identity over an entire length of an amino actd sequence of SEQ ID NO:12, SEQ ID NGO 14,
SEQID NG 16, SEQ ID NG 18 or SEQ 1D NO:20. In one embodiment, the peptide
comprises SEQ ID NO: 12, SEQ ID NG 14, SEQ IDNG:16, SEGID NO: 18 or SEQ ID
NG:20.

in one embodiment, the invention relates to a self~assembling nanoparticle
comprising an amino acid sequence having at least about 90% identity over an entire length
of an amino acid sequence selected to SEQ ID NO:22, SEQ ID NO:24, SEQ ID NG:26, SEQ
D NO:28, SEQ 1D NO:30, SEQ 1D NO:32, SEQ 1D NO:34, SEG 1D NO:36, SEQ ID NG:38,
SEQ ID NO:40, SEQ 1D NG:42, SEQ ID NG44, SEQ ID NO:4o, SEQ ID NO:48, SEQ ID
NG5S0, SEQ ID NO:532, SEQ D NG54, SEQ ID NO:S6, SEQ 1D NO:58, SEGQ 1D NO:6O,
SEQ ID NO:62, SEQ 1D NO:64, SEQ 1D NO:66 or SEQ 1D NO:68. In one embodiment, the
amino acid sequence comprises SEQ D NQG:22, SEQ ID NO:24, SEQ ID NO:26, SEQ ID
WNG:28, SEQ ID NO:30, SEQ ID NO:32, SEG 1D NO:34, SEGQ 1D NO:36, SEQ 1D NO:3E,
SEQ ID NO:40, SEQ ID NO4Z, SEQ 1D NO:44, SEQ 1D NG46, SEQ ID NG48, SEQ D
NG:50, SEQ D NGO:32, SEQ ID NG54, SEG 1D NG:S6, SEQ ID NG5SR, SEQ 1D NG:60,
SEQ ID NO:62, SEQ 1D NG:64, SEQ ID NG:66 or SEQ ID NG:68. In one embodiment, the
amino acid sequence comprises a fragment comprising at least 60% of the full length anino
acid sequence of SEQ 1D NO:22, SEGQ 1D NG:24, SEQ ID NO:26, SEQ 1D NO:28, SEQ 1D
NGOG0, SEQ ID NO:32, SEQ ID NO:34, SEQ ID NO:36, SEQ 1D N(O:38, SEQ 1D NG40,
SEQ ID NG:42, SEG ID NG44, SEQ D NO:46, SEQ TD NG48, SEQ ID NG5S0, SEQ ID
NG:52, SEQ ID NG: 54, SEQ ID NG:56, SEG ID NO:SR, SEQ TD NO:60, SEQ 1D NO:62,
SEQ ID NO:64, SEG 1D NO:66 or SEG ID NO:6R

In one embodiment, the invention relates to a method of mducing an immme
response against SARS Coronavirus 2 (SARS-CoV-2) in a subject in need thereof, the
method comprising administering an immunogenic composition commprsing a nucleic acid
molecule encoding a SARS-CoV-2 spike protein receptor binding domain {RBD), a nucleic
actd molecule encoding a SARS-CoV-2 spike protein receptor binding domain (RBD), or a
peptide coraprising a SARS-CoV-2 spike protein receptor binding doman (RBD) to the
subject.

In one embodiment, the method of administering includes at least one of

electroporation and injection.
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in one embodiment, the invention relates to a method of protecting a subject in
need thereof from infection with SARS-CoV-2, the method comprising administering an
immunogenic composition comprising a nucleic acid molecule encoding a SARS-CoV-2
spike protein receptor binding domain (RBD), a nucleic acid molecule encoding a SARS-
CoV-2 spike protein receptor binding domain (RBD), or a peptide comprising a SARS-CoV-
2 spike protein receptor binding domain {(RBD) to the subject.

In one embodiment, the method of admunistering includes at least one of
electroporation and mjection.

in one embodiment, the invention relates to a method of treating a subject in
need thereof against SARS-CoV-2, the method comprising administering an imnmogenic
composition comprising a sucleic acid molecule encoding a SARS-CoV-2 spike protemn
receptor binding domain (RBD), a nucleic acid molecule encoding a SARS-{CoV-2 spike
protein receptor binding domain (RBDY, or a peptide comprising a SARS-CoV-2 spike
protein receptor binding domain (RBD) to the subject, wherein the subject is thereby resistant
to one ot roore SARS-CoV-2 straivs.

in one embodiment, the method of adnunistering includes at least one of

electroporation and injection.

BRIEY DESCRIPTION OF THE DRAWINGS

Figure 1 depicts data demonstrating that SARS-CoV-2 RBD-Dimers appear
maore stable structurally.

Figure 2 depicis the design of nanoparticles to scaffold RBD-dimers for
improved immune potency. A single vaccination in BALB/c mice, with 2pg DNA S was used

for each consiruct.

Figure 3 depicts data demonstrating the DI (DNA Launched) nano vaccing
(RBD-48mer) elicits rapid neutralizing antibody responses 7 days post immmumnization.
Figure 4 depict s the design and testing of additional DNA NanoParticle

constructs.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention relates 1o an immupogenic composition or a vaccine
comprising a self-assembling nanoparticle comprising one or more SARS coronavirus 2
(SARS-CoV-2) antigen. SARS-CoV-2 is a highly pathogenic virus, emerging in 2019. The
SARS-CoV-2 antigen can be the SARS-CoV-2 spike protein or a {fragment thereof. In one
embodiment, the SARS-CoV-2 antigen comprises the receptor binding domain (RBD) of the
SARS-CoV-2 spike antigen. In one embodiment the immunogenic composition comprises a
self-assembling nanoparticle comprising a dimer of the RBD of the SARS-CoV-2 spike
antigen.

in one embodiment, the invention relates to a nucleic acid molecule encoding
a nanoparticle comprising one or more SARS coronavirus 2 (SARS-CoV-2) antigen. In one
embodiment, the nucleic acid molecule encodes a self~assembling nanoparticle comprising
the receptor binding domain (RBD) of the SARS-CoV-2 spike antigen. In one embodunent
the nucleic acid molecule encodes a self-assembling nanoparticle comprising a dimer of the
RBD of the SARS-CoV-2 spike antigen.

The vaccine can be used treat SARS-CoV-2 infection or to prevent or treat a
disease or disorder associated with SARS-CoV-2 infection. In one embodimenit, the disease
or disorder associated with SARS-CoV-2 infection is COVID-19. The vaccine can elicit both
humoral and cellular immune responses that target the SARS-CoV-2 spike antigen. The
vaceine can elicit neutralizing antibodies and immunoglobulin G (IgG) antibodies that are
reactive with the SARS-CoV-2 spike antigen. The vaccine can also elicit CDB8 and CD4' T
cell responses that are reactive o the SARS-CoV-2 spike antigen and produce interferon~

gamma (IFN~y), tumor necrosis factor alpha (TNF-), and interleukin-2 (1L-2).

Definitions

Unless otherwise defined, all techmical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will control. Preferred methods and
materials are described below, although methods and materials similar or equivalent to those
described herein can be used in practice or testing of the present mvention. All publications,
patent applications, patents and other references mentioned herein are incorporated by
reference in their entirety. The maierials, methods, and examples disclosed herein are

iHustrative only and not intended to be limiting.
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The terms “comprise(s),” “include(s),” “having.” “has,” “can,” “contain{s),”
and variants thereof, as used herein, are intended to be open-ended fransttional phrases,
terms, or words that do not preclude the possibility of additional acts or structures. The

EERT

singular forms “a,” “and” and “the” include plural references unless the context clearly
dictates otherwise. The present disclosure also contemplates other embodiments
“comprising,” “consisting of” and “consisting essentially of,” the embodiments or elements
presented herein, whether explicitly set forth or not.

“Adjuvant” as used herein means any molecule added (o the vaccine described
herein to enhance the imomunogenicity of the antigen.

“Antibodv™ as used herein means an antibody of classes IgG, IgM, 1gA. Igh
or IgE, or fragments, fragments or derivatives thereof, inchuding Fab, F(ab')y, Fd, and single
chain antibodies, diabodies, lispeaific antibodies, bifumctional antibodies and derivatives

ereof. The antibody can be an antibody isolated from the serum sample of mammal, a
polyclonal antibody, affinity purified antibody, or mixtures thereof which exhibits sufficient
binding specificity to a desired epitope or a sequence derived therefrom,

“Coding sequence” or “encoding nucleic acid™ as used herein means the
nucleic acids (RNA or DNA molecule) that comprise a nuclectide sequence which encodes a
protein. The coding sequence can {urther inchude initiation and termination signals operably
hinked to regulatory elements including a prometer and polvadenylation signal capable of
directing expression in the cells of an individual or mammal to which the nucleic acid is
administered.

“Complement” or “complementary” as used herein means Watson-Crick {e.g.,
A-T/U and C-G) or Hoogsteen base pairing between nucleotides or nucleotide analogs of
nucleic acid molecules.

“Consensus” or “Consensus Sequence” as used herein may wean a synthetic
nucleic acid sequence, or corresponding polypeptide sequence, consiructed based on analysis
of an alignment of multiple subtypes of a particular antigen. The sequence may be usad to
induce broad immunity against mudtiple subtypes, serotypes, or strains of a particular antigen.
Syunthetic antigens, such as fusion proteins, may be manipulated to generate consensus
sequences {or consensus anfigens).

3% w6

“Electroporation,” “electro~-permeabilization,” or “electro-kinetic
enhancement” {“EP”) as used interchangeably herein means the use of a transmembrane

electric field pulse to induce microscopic pathways {pores) in a bio-membrane; their presence

-10-
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allows biomolecules such as plasnuds, oligonucleotides, siRN A, drugs, tons, and water to
pass from one side of the cellular membrane to the other.

“Fragment” as used hergin means a nucleic acid sequence or a portion thereof
that encodes a polypeptide capable of eliciting an immune response in a mammal. The
fragments can be DNA fragments selected from at least one of the varous nucleotide
sequences that encode protein fragments set forth below.

“Fragment” or “immunogenic fragment”™ with respect to polvpeptide
sequences means a polypeptide capable of eliciting an immune response in g mammal thai
cross reacts with a full length wild type strain SARS-CoV-2 antigen. Fragmenis of consensus
proteins can comprise at least 10%, at least 20%, at least 30%, at least 40%. at least 50%, at
least 60%, at teast 70%, at least 80%, at least 90% or at least 95% of a consensus protein. In
some embodiments, fragroents of consensus proteins can coroprise at least 20 anuno acids o
more, at least 30 amino acids or more, at least 40 amino acids or more, at least 30 amino
acids or more, at least 60 aming acids or more, at least 70 amino acids or more, at least 80
amino acids or more, at least 90 amino acids or more, at least 100 amino acids or more, at
least 110 amino acids or more, af feast 120 amuno acids or more, at least 130 amivo acids or
maore, at least 140 amino acids or more, at least 150 amino acids or more, at least 160 anuno
acids or more, at feast 170 amino actds or more, at least 180 amuno acids or more, at least 190
amino acids or mors, at least 200 amano acids or more, at least 210 anuno acids or more, at
least 220 anuno acids or more, at least 230 amino acids or more, or at least 240 anuno acids
or more of a consensus protein.

As used herein, the term “genelic construct” refers {6 the DNA or RNA
maolecules that comprise a nucleotide sequence which encodes a protein. The coding
sequence includes inffiation and termination signals operably linked to regulatory elements
mchuding a promoter and polyadenvlation signal capable of directing expression in the cells
of the individual {0 whom the nuclei¢ acid molecule is administered. As used herein, the term
“expressible form” refers 1o gene constructs that contain the necessary regulatory elements
operable linked to a coding sequence that encodes a protein such that when present in the cell
of the individual, the coding sequence will be expressed.

“Identical” or “identity” as used herein in the contexi of two or more nucleic
acids or polypeptide sequences, means that the sequences have a specified percentage of
residues that are the same over a specified region. The percentage can be calcudated by

optimally aligrung the two sequences, comparing the two sequences over the specified region,
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deternuning the number of positions at which the identical residue occurs n both sequences
to yield the number of matched positions, dividing the number of matched positions by the
total number of positions in the specified region, and nmudtiplying the result by 100 to yield
the perceniage of sequence identity. In cases where the two sequences are of different lengths
or the alignroent produces one or more staggered ends and the specified region of comparison
includes only a single sequence, the residues of single sequence are included in the
denominator but not the numerator of the calculation. When comparing DNA and RNA
thymine (T} and uracil {U) can be considered equivalent. Identity can be performed manually
ot by using a computer sequence algorithm such as BLAST or BLAST 2.0.

“Immune response” as used herein means the activation of a host’s immune
syster, e.g., that of a marnmal, in response to the ntroduction of antigen. The immune
respouse can be n the form of a cellular or humoral response, or both.

“WNucleic acid” or “oligonuclectide™ or “polynuclectide™ as used herein means
at feast two nucleotides covalently linked together. The depiction of a single strand also
defines the sequence of the complementary strand. Thus, a nucleic acid also encompasses the
complersentary strand of a depicted single strand. Many vanants of a nucleic acid can be
used for the same purpose as a given nucleic acid. Thus, a nucleic acid also encompasses
substantially identical nucleie acids and complements thereof. A single strand provides a
probe that can hybridize to a target sequence under stringent hvbridization conditions. Thus, a
nucleic acid also encompasses a probe that hybridizes under stringent hybridization
conditions.

Nucleie acids can be single stranded or double stranded, or can contain
portions of both double stranded and single stranded sequence. The nucleic acid can be DNA,
both genomic and cDNA, RNA, or a hybrid, where the nucleic acid can contain combinations
of deoxyribo-~ and ribo-nucleotides, and combinations of bases including uracil, adenine,
thymive, cyfosine, guanine, mnosine, xanthine hypoxanthine, isocviosine and isoguanine.
MNucleic acids can be obtained by chenucal synthesis methods or by recombinant methods.

“Operably linked” as used herein means that expression of a gene is under the
control of a promoter with which it is spatially connected. A promoter can be posttioned 5'
{(upstream) or 3' {downstream)} of a gene under its control. The distance between the promoter
and a gene can be approximately the same as the distance between that promoter and the gene
it controls in the gene from which the promoter is denived. As is known in the art, variation in

this distance can be accommodated without loss of promoter function.
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A “peptide.” “protemn,” or “polypeptide” as used herein can mean a linked
sequence of amino acids and can be natural, synthetic, or a modification or combination of
natural and synthetic.

“Promoter” as used heretn means a synthetic or naturally-dertved molecule
which 1s capable of conferring, activating or enhancing expression of a nucleic acid o a cell.
A promoter can comprise one or more specific transcriptional regulatory sequences to further
enhance expression and/or {o alter the spatial expression and/or temporal expression of same.
A promoter can also comprise distal enhancer or repressor elements, which can be located as
much as several thousand base pairs from the start site of transcription. A promoter can be
derived from sources including viral, bacterial, fungal, plants, insects, and animals. A
promoter can regulate the expression of a gene component constitutively or differentially
with respect to cell, the tissue or organ in which expression occurs or, with respect (o the
developmental stage at which expression occurs, or in response to external stimult such as
physiological stresses, pathogens, metal ions, or inducing agents. Representative examples of
promoters include the bacteriophage T7 promoter, bacieriophage T3 promoter, SP6 promoter,
tac operator-promoter, tac promoter, SV 40 late promoter, SV40 early projsoter, RSV-LTR
promoter, CMV IE promoter, SV40 early promoter or SV40 late promoter and the CMV 1E
promoter,

“Signal peptide” and “leader sequence” are used interchangeably herein and
refer to an anuno acid sequence that can be linked at the anuno terminus of a SARS-CoV-2
protein set forth herein. Signal peptides/leader sequences typically direct localization of a
profein. Signal peptides/leader sequences used herein preferably facilitale secretion of the
proten from the cell in which it 1s produced. Signal peptides/leader sequences are often
cleaved from the remainder of the protein, often referred to as the mature protein, upon
secretion from the cell. Signal peptides/leader sequences are linked at the N terminus of the
protein.

“Subject” as used herein can mean a mammal that wants to or is in need of
being immunized with the herein described vaccine. The mammal can be a human,
chimpanzee, dog, cat, horse, cow, mouse, or rat.

“Substantially dentical” as used herein canmean that 4 first and second anuno
acid sequence are at least 60%, 65%, 70%, 75%, 80%, %1%, 82%. 83%, 84%, 85%, 86%.
&7%, 88%, §9%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%.,o0r 99% over a region of

1,2,3.4.5.6,7.89, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 25, 30, 35, 40,
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45, 50, 55,60, 65, 70, 75, 80, 85, 90, 95, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000,
1100 or more aniino acids. Substantially identical can also mean that a first nucleic acid
sequence and a second nucleic acid sequence are at least 60%, 65%, 70%, 75%, 80%, 81%,
82%, 83%. 84%, 85%, 86%. §7%, 88%, 89%, 90%. 91%, 92%, 93%, 94%, 95%, 96%., 97%.
98%,0r 99% over ategion of 1, 2.3, 4.5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17. 18, 19, 20,
21,22, 23,24, 25,30, 35, 40, 45, 50, 55, 60, 65, 70, 73, 80, 85, 90, 95, 100, 200, 3040, 400,
504, 600, 700, 800, S00, 1000, 1100 or more nucleotides.

“Treatrnent” or “treating,” as used herein can mean protecting of an animal
from a disease through means of preventing, suppressing, repressing, ot completely
eliminating the disease. Preventing the disease involves administering a vaccine of the
present invention (o an animal prior to onset of the disease. Suppressing the disease imnvolves
admimstering a vaccine of the preseut mvertion to an animal after induction of the disease
but before its clinical appearance. Repressing the disease involves administering a vaceine of
the present invention to an animal afier clinical appearance of the disease.

“Variant” used herein with respect to a nucleic acid means (i) a portion or
fragrent of a referenced nucleotide sequence; (1) the complenment of a referenced nucleotide
sequence or portion thereof, (it} a nucleic acid that is substantially identical 1o a referenced
nucleic acid or the complement thereof; or (iv} a nucleic acid that hybridizes under stringent
conditions to the referenced nucleic acid, complement thereof, or a sequences substantially
identical thereto.

Variant can further be defined as a peptide or polypeptide that differs in amino
actd sequence by the insertion, deletion, or conservative substitution of amino acids, but
retain at least one biological activity. Representative examples of “biological activity”
include the ability to be bound bv a specitfic antibody or to promote an immune response.
Variant can also moean a protein with an amino acid sequence that is substantially identical to
a referenced protein with an anuno acid sequence that retains atf least one biological activity.
A conservative substitution of an amino acid, i.e., replacing an amino acid with a different
amino acid of similar properties {e.g., hydrophilicity, degree and distribution of charged
regions} is recognized in the art as typically nvolving a minor change. These minor changes
can be identified, i part, by considering the hydropathic index of aroino acids, as understood
in the art. Kyte et al., I Mol Biol. 157:105-132 (1982). The hydropathic index of an amino
acid is based on a consideration of its hydrophobicity and charge. It is known in the art that

amino acids of simalar hydropathic indexes can be substituted and still retain protein function.
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In one aspect, amuno acids having hyvdropathic indexes of £2 are substituted. The
hydrophilicity of amino acids can also be used to reveal substitutions that would result in
proteins retaining biological fimction. A consideration of the hydrophilicity of amino acids in
the context of a peptide permuts calculation of the greatest local average hydrophilicity of that
peptide, a useful measure that has been reported to correlate well with antigenicity and
immunogenicity. Substitution of amino acids having similar hydrophilicity values can result
in peptides retaining biclogical activity, for example immunogenicity, as 13 understood in the
art. Substitutions can be performed with amino acids having hydrophilicity vahiues within +2
of each other. Both the hydrophobicity index and the hvdrophilicity value of anuno acids are
influenced by the particular side chain of that anuno acid. Consistent with that observation,
amino acid substitutions that are compatible with biological function are understood to
depend on the relative sinmilarity of the amuno acids, and particularly the side chaing of those
amino acids, as revealed by the hydrophobicity, hydrophilicity, charge, size, and other
properties.

A variant may be a nucleic actd sequence that is substantially 1dentical over
the full length of the full gene sequence or a fragment thereof. The vucleic acid sequence may
be 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
5%, 96%, 97%, 98%, 99%, or 100% identical over the fudl length of the gene sequence ora
fragment thereof. A variant may be an amino acid sequence that is substantially identical over
the full length of the anmino acid sequence or fragment thereof. The amino acid sequence may
be 8%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 9%, 91%, 92%, 93%, 349,
G595, 96%, 97%, 98%, 99%, or 100% identical over the full length of the amino acid
sequence ot a fragment thereof

“Vector” as used herein means a nucleic acid sequence containing an origin of
replication. A vector can be a viral vecior, bacteriophage, bacterial artificial chromosome or
veast artificial chromosome. A vector can be a BNA or RNA vector. A vector can be a self-
replicating extrachromosomal vector, and preferably, is a DNA plasmid.

For the recitation of numeric ranges herein, each intervening number there
between with the same degree of precision is explicitly contemplated. For example, for the
range of 6-9, the nurobers 7 and 8 are coutemplated in addition to 6 and 9, and for the range
6.0-7.0, thenumber 6.0, 61,62, 6.3,64,65, 66,67, 68,69, and 7.0 are explicitly

conternplated.
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Vaccine

Provided herein are immunogenic compositions, such as vaccines, cComprising
a SARS coronavirus 2 (SARS-CoV-2) antigen, a fragment thereof, a variant thereof, ora
combination thereof. The vaccine can be used {o treat SARS-CoV-2 infection, thereby
treating, preventing, and/or protecting against SARS-CoV-2 based pathologies. In one
embodiment, the SARS-CoV-2 based pathology 1s COVID-19. The vaccine can significantly
induce an immune response of a subject administered the vaccine, thereby protecting against
and treating SARS-CoV-2 nfection.

in one embodiment, the SARS-CoV-2 antigen comprises the receptor binding
domain of the SARS-CoV-2 spike protein. In one embodiment, the SARS-CoV-2 antigen
comprises a dimer of the receptor binding domain of the SARS-CoV-2 spike protein.

The vaccine can be a DNA vaccine, a peptide vaceine, or a combination DNA
and peptide vaccine. The DNA vaccine can include a nucleic acid sequence encoding the
SARS-CoV-2 antigen. The nucleic acid sequence can be DNA, RNA, ¢BNA, a variant
thereof, a fragment thereof, or a combination thereof. The nucleic acid sequence can also
include additional sequences that encode linker, leader, or tag sequences that are linked to the
SARS-CoV-2 antigen by a peptide bond. The peptide vaccine can inchude a SARS-CoV-2
antigenic pephide, a SARS-CoV-2 antigenic protein, a variant thereof, a fragment thereof, ora
combination thereof. The combination DNA and pepiide vaccine can include the above
described nucleic acid sequence encoding the SARS-CoV-2 antigen and the SARS-CoV-2
antigenic peptide or protein, in which the SARS-CoV-2 antigenic peptide or protein and the
encoded SARS-CoV-2 antigen have the same aniino acid sequence.

in one embodiment, one or more SARS-CoV-2 antigen is incorporated into a
self-assembling peptide nanoparticle (SAPN) viral particle for use in a vaccine of the
invention. Self-assembling protein nanoparticles (SAPN) may be formed by the assembly of
one or more polypeptide chains comprising at teast one antigen and at least one protemn
oligomerization domain. Without limitation, the SAPN of the invention may self-assemble
into a tetrahedron, a cube, an octahedron, a dodecahedron, or an icosahedron. The SAPN of
the mvention may be used as an efficient weans for presenting one or roore SARS-CoV-2
antigen.

In one embodiment, the SAPN of the invention comprises the receptor binding
domain of the SARS-CoV-2 spike protein. In one embodiment, the SAPN of the ivention

comprises a dimer of the receptor binding domain of the SARS-CoV-2 spike protein.
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The vaccine can mduce a humoral immune response i the subject
administered the vaccine. The induced humoral inumune response can be specific for the
SARS-CoV-2 antigen. The induced humoral inynune response can be reactive with the
SARS-CoV-2 antigen. The humoral immune response can be induced in the subject
administered the vaccine by about 1.5-fold to about 16-fold, about 2-fold to about 12-fold, or
about 3-fold to about 10-fold. The humoral immune response can be induced in the subject
administered the vaccine by at least about 1.5-fold, at least abowt 2.0-fold, at least about 2.5-
fold, at teast abowt 3.0-fold, at least about 3.5-fold, at least about 4.0-fold, at least about 4.5-
fold, at teast about 5.0-fold, at 1sast about 5.5-fold, at least about 6.0-{old, at least about 6.5-
fold, at least about 7.0-fold, at least about 7.5-fold, at least about &.0-fold, at least about 8.5-
fold, at least about 9.0-fold, at least about 9.5-fold, at least about 10.0-fold, at least about
10.5-{old, at least about 11.0-fold, at least about 11.5-fold, at least about 12.0-fold, at least
about 12 5-fold, at least about 13.0-fold, at least about 13.5-fold, at least about 14.0-fold, at
least about 14.5-fold, at least about 15.0-fold, at least about 15.5-fold, or at least about 16.0-
fold.

The humoral inwoune response induced by the vaceine can include an
increased level of newralizing antibodies associated with the subject administered the vaccine
as compared 1o a subject not administered the vaccine. The neutralizing antibodies can be
specific for the SARS-CoV-2 antigen. The neutralizing antibodies can be reactive with the
SARS-CoV-2 antigen. The neutralizing antibodies can provide protection against and/or
treatment of SARS-CoV-2 infection and its associated pathologies in the subject adnunistered
the vaccineg.

The humoral inwnune response induced by the vaccine can include an
increased level of IpG antibodies associated with the subject admirustered the vaceine as
compared to a subject not admimistered the vaceine. These IgG antibodies can be specific for
the SARS~-CoV-2 antigen. These gl antibodies can be reactive with the SARS-CoV-2
antigen. Preferably, the humoral response is cross-reactive against two or more strains of the
SARS-CoV-2. The level of I2G antibody associated with the subject administered the vaccine
can be increased by about 1.5-fold to about 16-fold, about 2-fold to about 12-fold, or about 3-
fold to about 10-fold as compared fo the subject not adnunistered the vaceine. The level of
IgG antibody associated with the subject adnunistered the vaccine can be increased by at least
about 1.5-fold, at 1east about 2.0-fold, at least about 2.5-fold, al least about 3.0-fold, at least

about 3.5-fold, at least about 4.0-fold, at least about 4.5-fold, at least about 5.0-fold, at least
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about 5.5-fold, at least about 6.0-fold, at least about 6 5-fold, at least about 7.0-fold, at least
about 7.5-fold, at least about 8.0-fold, at least about 8.5-fold, at least about 2.0-fold, at least
about 9.5-fold, at 1east about 10.0-fold, at least about 10.3-fold, at least about 11.0-fold, at
least about 11.5-fold, at least about 12.0-fold, ai least about 12.5-fold, at least aboui 13.0-
fold. at least about 13.5-fold, at least about 14.0-fold, at least about 14.5-fold, at feast about
15.0-fold, at least about 15.5-fold, or at least about 16.0-fold as compared 1o the subject not
administered the vaccine.

The vaccine can indace a cellular immume response in the subject
administered the vaccine. The induced cellular tmmune response can be specific for the
SARS-CoV-2 antigen. The induced cellular immume response can be reactive to the SARS-
CoV-2 antigen. Preferably, the celhdar response is cross-reactive against two or more strains
of the SARS-CoV-2. The induced cellular imwoune response can include eliciting a CD8' T
cell response. The elicited CDR™ T cell response can be reactive with the SARS-CoV-2
antigen. The elicited CD&" T cell response can be polyfunctional. The induced cellular
tmrnune response can include eliciting a CD8* T cell response, in which the CDB* T cells
produce interferon-gamma (IFN-y), tumor necrosis factor alpha (TNF-g}, interlenkin-2 (1L-
2}, or g combination of IFN-y and TNF-q.

The induced cellular immmune response can include an increased CDR' T cell
response associated with the subject administered the vacane as compared o the subject not
administered the vaccine. The CD8" T cell response associated with the subject administered
the vaccine can be increased by about 2-fold to about 30-fold, about 3-fold to about 25-fold,
or about 4-fold {0 about 20-fold as compared to the subject not administered the vaccine. The
CD8" T cell response associated with the subject administered the vaccine can be increased
by at least about 1.5-fold, at least about 2.0-fold, at least about 3.0-fold, at least about 4.0~
fold, at least about S.0-fold, at least about 6.0-fold, at teast about 6.5-fold, at teast abowt 7.0-
fold, at least about 7.5-{old, at least about & (-fold, at least about 8. 3-fold, at feast about 9.0-
fold. at least about 9.5-fold, at least about 10.0-fold, at least about 10.5-fold, at least about
11.0-fold, at least about 11.5-fold, at least about 12.0-fold. at least about 12.5-fold, at least
about 13.0-fold, at least about 13.5-fold, at feast about 14.0-fold, at feast about 14 5-fold, at
least about 15.0-fold, at least about 16.0-fold, at least about 17.0-fold, at least about 18.0-
fold, at least about 19.0-fold, at least about 20.0-fold, at least about 21.0-fold, at least about

22.0-fold, at least about 23.0-fold, at least about 24.0-fold, at least about 25.0-fold, at least
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about 26.0-fold, at least about 27.0-fold, at least about 28.0-fold, at least about 29.0-fold, or
at feast about 30.0-fold as compared to the subject not administered the vaccine.

The induced cellular immune response can include an increased frequency of
CD3'CDE" T cells that produce IFN-y. The frequency of CD3'CDE RNy T cells associated
with the subject adnuunistered the vaccine can be increased by at least about 2-fold, 3-fold, 4-
fold, 3-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold,
j6-fold, 17-fold, 18-fold, 19-fold, or 20-fold as compared to the subject not administered the
vaccine,

The induced cellular imyoune response can include an increased frequency of
CD3'CDE" T cells that produce TNF-¢. The frequency of CD3"CDE TNF-a" T cells
assoctated with the subject administered the vaccine can be increased by at least about 2-fold,
3-fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-fold, | {-fold, 12-fold, 13-fold, or 14~
fold as compared to the subject not administered the vaccine.

The induced cellular immune response can include an increased frequency of
CD3'CD8™ T cells that produce TL-2. The frequency of CD3"CDETL-2" T cells associated
with the subject administered the vaccine can be increased by at least about 0.5-fold, 1.0-fold,
1.5-fold, 2.0-fold, 2.5-fold, 3.0-fold, 3.5-fold, 4.0-fold, 4.5-fold, or 5.0-fold as compared to
the subject not administered the vaccine,

The induced cellular iromune respounse can include an increased frequency of
CD3CDS™ T cells that produce both IFN-y and TNF-¢. The frequency of CD3"CD8 IFN-
Y INF-o" T cells associated with the subject administered the vaccine can be increased by at
least about 25-fold, 30-fold, 35-fold, 40-fold, 45-fold, 50-fold, 55-fold, 60-fold, 65-fold, 70~
fold, 75-fold, 80-fold, 85-fold, 90-fold, 95-fold, 100-fold, 110-fold, 120-fold, 130-fold, 140-
fold, 150-fold, 160-fold, 170-fold, or 180-fold as compared to the subject not administered
the vaccine.

The cellular immune response induced by the vaccine can include eliciting a
CD4" T cell response. The elicited CD4" T cell response can be reactive with the SARS-
CoV-2 antigen. The elicited CD4" T cell response can be polviunctional. The induced
cellular inmnune response can include eliciting a CD4" T cell response, in which the CD4' T
celis produce IFN-y, TNF-g, 1L-2, or a combination of IFN-~y and TNF-g.

The induced cellular immune response can include an imcreased frequency of
CD3'CD4" T cells that produce IFN-y. The frequency of CD3'CD4 RNy T cells associated

with the subject adnunistered the vaccine can be increased by at least about 2-fold, 3~fold, 4-
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fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold,
16-fold, 17-fold, 18-fold, 19-fold, or 20-fold as compared to the subject not administered the
vaccine.

The induced celhdar immune response can include an increased frequency of
CD3'CD4™ T cells that produce TNF-u. The frequency of CD3 CDATTNF-o" T cells
associated with the subjact administered the vaccine can be increased by at least about 2-fold,
3-foid, 4-fold, 3-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold,
15-fold, 16-fold, 17-fold, 18-fold, 19-fold, 20-fold, 21-fold, or 22-fold as compared to the
subject not adnunistered the vaccine.

The induced celiular immune response can include an mcreased frequency of
CD3'CD4" T cells that produce IL-2. The frequency of CD3'CD4TL-2" T cells associated
with the subject adnuuistered the vaccine can be increased by at least about 2-fold, 3-fold, 4-
fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-fold. 11-fold, 12-fold, 13-fold, 14-fold, 15-fold,
16-fold, 17-fold, 18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold, 24-fold, 25-fold, 26-
fold, 27-fold, 28-fold, 29-fold, 30-fold, 31-fold, 32-fold, 33-fold, 34-fold, 35-fold, 36-fold,
37-fold, 38-fold, 39-fold, 40-fold, 45-fold, S0-fold, 55-fold, or 60-fold as compared to the
subject not adnunistered the vaccine.

The induced celhdar immune response can include an increased frequency of
CD3'CD4™ T cells that produce both IFN-y and TNF-a. The frequency of CD3'CD4IFN-
v INF-¢ associated with the subject administered the vaccine can be increased by at least
about 2-fold, 2.5-fold, 3.0-fold, 3.5-fold, 4.0-fold, 4.5-fold, 5.0-fold, 5.5-fold, 6.0-fold, 6.5~
fold, 7.0-fold, 7.5-fold, 8.0-fold, 8.5-fold, 9.0-fold, 9.5-fold, 10.0-fold, 10.5-fold, 11.0-fold,
11.5-fold, 12.0-fold, 12.5-fold, 13.0-fold, 13.5-fold, 14.0-fold. 14.5-fold, 15.0-fold, 15.5-fold.
16.0-fold, 16.5-fold, 17 0-fold, 17.3-fold, 18.0-fold, 18 5-foid, 19.0-fold, 19.5-fold, 20.0-fold,
21-fold, 22-fold, 23-fold 24-fold, 25-fold, Z26-fold, 27-fold, 28-fold, 29-fold, 30-fold, 31-fold,
32-fold, 33-fold, 34~fold, or 35-fold as corapared to the subject not adnunistered the vaccine,

The vaccine of the present invention can have features required of effective
vaccines such as being safe so the vaccine itself does not cause illness or death; is protective
agamnst ilness resulting {rom exposure to live pathogens such as viruses or bacteria; induces
veutralizing antibody to prevent invention of cells; induces protective T cells against
intraceliular pathogens; and provides ease of administration, few side effects, biological

stability, and fow cost per dose.
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The vaccine can further induce an iromune response when admimnstered to
different tissues such as the muscle or skin. The vaccine can further induce an imnune
response when administered via electroporation, or injection, or subcutaneously, or

intramuscularly.

SARS Coronavirus 2 (SARS-CoV-2) Antigen

As described above, in one embodiment, the mvention relates to a vaccine
comprising a SARS-CoV-2 antigen, a fragment thereof, a variant thereof, or a combination
thereof. Coronaviruses, inchuding SARS-CoV-2, are encapsulated by a membrane and have a
type 1 membrane glycoprotein known as spike (8} protein, which forms protruding spikes on
the surface of the coronavirus. The spike protein facilitales binding of the coronavirus to
proteins located on the surface of a cell, for example, the metalloprotease amino peptidase N,
and mediates cell-viral membrane fusion. In particular, the spike protein contains an 81
subunit that facilitates binding of the coronavirus to cell surface proteins and thus comprises a
receptor binding domain (RBD). Accordingly, the S1 subunit of the spike protein controls
which cells are infected by the coronavirus. In one embodiment, the SARS-CoV-2 antigen of
the mvention can comprise one or more SARS-CoV-2 spike protein RBD.

The SARS-CoV-2 antigen can be a SARS-CoV-2 spike protein RBD, a
fragroent thereof, a variaot thereof, or a combination thereoll In one embodument, the
composition of the invention comprises a dimer of the SARS-CoV-2 spike protein RBD.

In one embodiment, the compaosition of the invention is capable of eliciting an
immune response in a manunal against one or more SARS-CoV-2 strains. The SARS-CoV-2
antigen can comprise an epitope(s) that makes #t particularly effective as an immunogen
against which an anti-SARS-CoV-2 immune response can be induced.

The SARS-CoV-2 spike protein RBD can be a consensus sequence derived
from two or more strains of SARS-CoV-2. The SARS-CoV-2 spike antigen can comprise a
consensus sequence and/or modification(s) for improved expression. Modification can
inchade codon optimization, RNA optimization, addition of a kozak sequence for increased
translation initiation, and/or the addition of an immumoglobulin leader sequence (o increase
the immunogenicity of the one or more SARS-CoV-2 spike protein RBD. The one or more
SARS-CoV-2 spike protein RBD} can comprise a signal peptide such as an immunoglobulin
signal peptide, for example, but not limited to, an immunoglobulin E (IgE) or

immunoglobulin (IgG) signal peptide.
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The SARS-CoV-2 RBD can have an amano acid sequence of SEQ ID NG:2,
SEQ ID NO:4, SEQ ID NG:6 or SEQ ID NO:8. In some embodiments, the SARS-CoV-2
RBD can be an amino acid sequence having at least about 80%, 81%, 82%, 83%, 84%, 85%,
86%, 87%. §8%, 89%, 90%. $1%, 92%, 93%, 94%. 93%, 96%, 97%. 98%, 99%, or 100%
identity over an entire length of the amino acid sequence set forth m SEQ ID NO:2, SEQ 1D
NG:4, SEQ ID NO:6 or SEQ 1D NOS.

The nucleic acid molecule encoding the SARS-CoV-2 RBD antigen can
comprise the nucleic acid sequence of SEQ D NO: 1, which encodes SEQ ID NO:2. The
nucleic acid molecule encoding the SARS-CoV-2 RBD antigen can comprise the nucleic acid
sequence of SEQ ID NO:3, which encodes SEQ 1D NO:4. The nucleic acid molecule
encoding the SARS-CoV-2 RBD antigen can comprise the nucleic acid sequence of SEQ ID
MNO:5, which encodes SEQ 1D NO:6. The nucleic acid roolecule encoding the SARS-CoV-2
RBD antigen can comprise the nucleic acid sequence of SEQ 1D NO:7, which encodes SEQ
1D NO»&. In some embodiments, the nucleic acid molecule encoding the SARS-CoV-2 RBD
antigen can comprise a nucleotide sequence that encodes the amino acid sequence having at
least about 80%, 81%, 2%, 83%, 84%, 85%, 86%, 87%, 8R%, 89%, 20%, 91%, 92%, 93%,
4%, 95%, 96%, 97%. 98%, 99%, or 100% identity over an entire length of the anuno acid
sequence set forth in SEQ ID NO:2, SEQ 1D NG:4, SEQ ID NG:6 or SEQ ID NG:8. In some
embodiments, the nucleic acid molecule encoding the SARS-CoV-2 RBI» antigen can
comprise a nucleotide sequence having at least about 80%, 81%, 82%, 83%, 84%, 85%. 86%,
879, 88%, 89%, 90%, 1%, 92%, 93%, 94%, 5%, 96%, 97%, 98%, 99% or 100% identity
over an entire length of the nucleic acid sequence set forth in SEQ 1D NG, SEQ IDNG3,
SEQ ID NO:S or SEQ ID NO:7. In some embodiments, the SARS-CoV-2 RBD antigen can
be operably linked to an IgE leader sequence.

Imymunogenie fragments of SEQ ID NOG:Z, SEQG ID NGO, SEQ IDNG:6 or
SEQ I NO:8 can be provided. Immumogenic fragments can coraprise at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 83%, at least 909, ai least 95%, at least
969, at least 97%, at least 98%6 or at least 99% of SEQ ID NO:2 or SEQ ID NG44 Insoms
embodiments, immunogenic fragments include a leader sequence, such as for example an
wwnunoglobulin leader, such as the IgE teader. In some erubodiments, imnumogenic
fragments are free of a leader sequence.

Immunogenic fragments of proteins with amino acid sequences homologous to

immunogenic fragments of SEQ 1D NG:2, SEQ D NG:4, SEQ ID NO:6 or SEQ ID NGB
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can be provided. Such immunogenic fragments can comprise at least 60%, at least 63%, at
least 70%, at feast 75%, at least 80%, at least 83%, at least 90Y%, at least 95%, at least 96%, at
least 97%, at least 98% or at least 99% identity to SEQ 1D NG.2, SEQ ID NO:4, SEQ ID
MNO:6 or SEQ ID NO:&. In some embodiments, immunogenic fragments include a leader
sequence, such as for example an imnumoglobulin teader, such as the IgE leader. In some
embodiments, immunogenic fragments are free of a leader sequence.

Some embodiments relate to immunogenic fragments of SEQ D NO:1, 8EQ
T NG3, SEQ IDNG:S or SEQ ID NO7. Tmmunogenic fragments can be at least 60%, at
least 65%, at least 70%, at least 75%, at least 80%, at least 8596, at lsast 90%, at least 95%, at
least 96%, at feast 97%, at least 98% or at least 99% of the full length of SEQ ID NO:1, SEQ
IB NG:3, SEQ ID NO:S or SEQ D NQ7. Immunogenic fragrments can comprise at least
5%, at least 96%, at least 97% at least 98% or at least 99% wdentity o fragments of SEQ 1D
WO, SEQ ID NG:3, SEQ 1D NO:S or SEQ 1D NGO:7. In some embodiments, inumunogenic
fragments include sequences that encode a leader sequence, such as for example an
immunoglobudin leader, such as the IgE leader. In some embodiments, fragments are free of

coding sequences that encode a leader sequence.

SARS-CaV-2 Spike RBD Dimer

The SARS-CoV-2 antigen can be a dimer of the SARS-CoV-2 RBD antigen, a
fragment thereof, or a variant thereof. The dimeric SARS-CoV-2 RBD antigen can comprise
a linker sequence between the two RBD antigens. The dimeric SARS-{CoV-2 RBE antigen
can comprise a consensus sequence and/or modification{s} for improved expression.
Modification can include codon optimization, RNA optimization, addition of a kozak
sequence for increased translation initiation, and/or the addition of an immunoglobulin leader
sequence to increase the immunogenicity of the outlier SARS-CoV-2 spike antigen. The
dimeric SARS-CoV-2 RBD antigen can comprise a signal peptide such as an
immunoglobulin signal peptide, for example, but not linuted to, an immunoglobulin E (IgE)
or immunoglotudin {(12G) signal peptide. The dimeric SARS-CoV-2 RBD antigen can be
designed to elicit a strouger cellular and/or hurnoral iromune respouse than a monoraeric
SARS-CoV-2 RBD antigen.

The dimeric SARS-CoV-2 RBD antigen can comprise at least two RBD
sequences of SEQ D NG:2, SEQ ID NG:4, SEQ ID NO:6 or SEQ ID NOR Inone
embodiment, the dumeric SARS-CoV-2 RBD antigen coraprises two copies of the same

SARS-CoV-2 RBD sequence. In one embodiment, the dimeric SARS-CoV-2 RBD antigen
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comprises two different SARS-CoV-2 RBD sequences. In one embodiment, the dimeric
SARS-CoV-2 RBD antigen comprises the amino acid sequence SEQ 1D NO:10. In some
embodiments, the dimeric SARS-CoV-2 RBD antigen comprises an amino acid sequence
having at leasi about 90%, 91%, 92%, 93%, 94%, 95%, 26%, 97%, 98%, 99%, or 100%
identity over an entire length of the amino acid sequence set forth i SEQ 1D NO:10.

in some embodiments, the nucleic acid molecule encoding the dimeric SARS-
CoV-2 RBD antigen encodes at least two RBD sequences of SEQ IDNG.2, SEQ ID NG 4,
SEQ ID NO:6 or SEQ ID NG:8. In some embodiments, the nucleic acid moleciude encoding
the dimeric SARS-CoV-2 RBD andigen cornprises at least of SEQ 1D NO:1, SEQ ID NO:3,
SEQ ID NO:S or SEQ 1D NO:7. In one embodiment, the nucleic acid molecule encoding the
dimeric SARS-CoV-2 RBD antigen encodes two copies of the same SARS-CoV-2 RBD
sequence. In one embodiment, the nucleic acid molecule encoding the dirveric SARS-CoV-2
RBD antigen encodes two different SARS-CoV-2 RBD sequences. In one embodiment, the
nucleic acid molecule encoding the dimeric SARS-CoV-2 RBD antigen encodes the amino
actd sequence SEQ 1D NO:10. In one embodiment, the nucleic acid molecule encoding the
dimeric SARS-CoV-2 RBD antigen comprises the nucleotide sequence of SEQ 1D NG9, In
some embodiments, the nucleic acid molecule encoding the dimeric SARS-CoV-2 RBD
antigen comprises a nucleotide sequence that encodes an amino acid sequence having at least
about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identity over an
entire length of the amino acid sequence set forth in SEQ D NO:10. In some embodiments,
the nucleic acid molecule encoding the dimeric SARS-CoV-2 RBD antigen comprises a
nucleotide sequence having at teast abowd 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
999 or 100% identity over an entire length of the nucleic acid sequence set forth in SEQ 1D
NG9, In some embodiments, the dimeric SARS-CoV-2 RBD antigen can be operably linked
to an IgE leader sequence.

Imyounogenic fragroents of 10 can be provided. Tmmunogenic fragments can
comprise at least 60%, at least 63%, at least 70%, at least 75%, at least 80%, at least 85%, at
least 0%, at least 95%, at least 96%, at least 97%. at least 989% or at least 99% of SEQ ID
NG 10, In some embodiments, immunogenic fragments include a leader sequence, such as
for example an immunoglobulin leader, such as the IgE leader. In some embodiments,
innunogenic fragments are free of a leader sequence.

Immunogenic fragments of proteins with amino acid sequences homologous to

immunogenic fragments of SEQ 113 NG:10 can be provided. Such immunogemc fragments



WO 2022/098728 PCT/US2021/057859

can comoprise at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
85%. at least 90%, at least 95%, at least 96%, at least 97%, at least 98% or at least 99% of
proteins that are 95% homologous to SEQ 1D NG:10. Some embodiments relate to
immunogenic fragments that have 96% homology to the immunogenic fragments of protein
sequences herein. Some embodiments relate to inrnunogemce fragrents that have 97%
homology to the immunogenic fragments of protein sequences herein. Some embodiments
relate to immumogenic fragments that have 98% homology 1o the inunumogenic fragments of
protein sequences herein. Some embodiments relate to fmmunogenic fragments that have
999 homology to the immunogenic fragments of protein sequences herein. In some
embodiments, immunogenic fragments include a leader sequence, such as for example an
mmunoglobulin leader, such as the IgE leader. In some embodiments, imynanogenic
fragments are free of a leader sequence.

Some embodiments relate to inymunogenic fragments of SEQ [D NO:9.
Immunogenic fragments can be at least 60%, at feast 65%, at least 70%, at least 75%, at least
809, at least 5%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98% or at
teast 99% of SEQ D NO:9. Immunogenic fragments can be at Jeast 93%, at least 96%, at
least 97% at least 98% or at least 99% homaologous to fragments of SEQ 1D NO:9. In some
embodiments, immunogenic fragments include sequences that encode a leader sequence, such
as for exarople an iromunoglobulin leader, such as the IgE leader. Tn some embodiments,

fragments are free of coding sequences that encode a leader sequence.

Self-Assermnbling NanoParticles

In one embodiment, the invention relates to a vaceine comprising a self-
assembling nanoparticle comprising an oligomerization domain and further comprising a
SARS-CoV-2 antigen, a fragment thereof, a variant thereof, or a combination thereof In one
embodiment, the invention exploits ferritin, a ubiquitous iron storage protein, that self-
assembles into spherical nanoparticles and serves as a scaffold to express a heterologous
protein. Therefore in one embodiment, the oligomerization domain comprises ferritin, or a
fragment or variant thereof.

in one embodiment, the ohigomerization domain comprises a sequence as set
forth in SEQ ID NO: 12, SEQ ID NGO 14, SEQ IDNO: 16, SEQID NO: 18 or SEQ ID NG:20.
In some embodiments, the oligomerization domain comprises an amino acid sequence having

at teast about 20%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identity over
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an entire length of the anuno acid sequence set forth i SEQ ID NQ: 12, SEQ TD NG 14, SEQ
D NO:16, SEQ I3 NO: 18 or SEQ 1D NG:20.

in one embodiment, the invention relates to a nucleic acid molecule encoding
a self-assembling nanoparticle comprising an oligomerization domain and further comprising
a SARS-CoV-2 antigen, a fragment thereof, a variant thereof, or a combination thereof In
some embodiments, the nucleic acid molecule encoding the oligomerization domain can
comprise a nucleotide sequence that encodes the amino acid sequence having at feast about
8095, 81%, 82%, 83%, 84%, 85%, B86%, §7%, 88%, 89%, 909, 91%, 92%, 93%, 94%, 95%,
96%%, 97%, 98%, 99%, or 100% identity over an entire length of the amino acid sequence set
forth in SEQ ID NG:12, SEQ 1D NO:14, SEQ ID NO:16, SEQ ID NO:18 or SEQ ID NO:20.
In some embodiments, the nucleic acid molecule encoding the oligomerization domain can
comprise a nucleotide sequence having at least about 80%, 81%, 82%, 83%, 84%, 85%, 86%,
87%, 88%, 89%, 90%, 1%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or 100% identity
over an entire length of the nucleic acid sequence set forth in SEQ ID NG 11, SEQ ID
NG 13, SEQ ID NO: 1S, SEQ ID NG:17 or SEQ ID NO:19. In some embodiments, the
vucleotide sequence encoding the oligomerization domain can be operably linked to a
sequence encoding at least one linker sequence. such as an L83 or GGS linker sequence.

Imymunogenie fragments of SEQ ID NG:12, SEQ ID NO: 14, SEQ 1D NO: 16,
SEQ D NO: 18 or SEQ 113 NO:20 can be provided. Imvmunogenic fragments can comaprise at
least 60%, at least 65%, at least 70%, at least 75%, at least R0%, at least 5%, at least 90%, at
teast 95%, at least 96%, at least 97%. at least 98Y% or at least 99% of SEQ ID NG 12, SEQ ID
NGO 14, SEQ ID NO: 16, SEQ ID NO:18 or SEGQ ID NO:20. Immunogenic fragments of
proteins with amino acid sequences homologous to immmunogenic fragments of SEQ D
NG:12, SEQ ID NO: 14, SEQ ID NO: 16, SEG ID NO:18 or SEG ID NO:20 can be provided.
Such immunogenic fragments can comprise at least 60%, at least 65%, at least 70%, at least
75%, at least 80%, at least 839, at least 90%, at least 95%, at least 9696, at Isast 97%, at least
98% or at least 99% wdentity to SEQ ID NG 12, SEQ D NO: 14, SEQ ID NO:16, SEQ ID
NG 18 or SEQ ID NG:20.

Some embodiments relate (o immunogenic fragments of SEQ ID NO: 11, SEQ
D NO:13, SEQ 1D NG5, SEQ ID NG 17 or SEQ ID NO: 19, Immunogenic fragments can
be at least 60%. at least 65%, at least 70%, at least 75%., at least 80%, at least 85%, at least
90%, ai least 95%, at least 6%, at least 97%, at least 98% or at least 99% of the full length

of SEQ ID NG 1L SEQ ID NO:13, SEG ID NO:15, SEQ ID NO:17 or SEQ D NG9,
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Tmmumogenic fragments can comprise at least 93%, at least 96%, at least 979 at least 98% or
at feast 99% identity to fragments of SEQ 1D NO:11, SEG 1D NO:13, SEQ ID NO:15, SEQ
ID NG:17 or SEQ ID NG:19.

In one embodiment, the self-assembling nanoparticle comprising an
oligomerization domain and further coroprising at feast one SARS-CoV-2 RBD domain,
referred to herein as the RBD-NP, comprises a sequence as set forth in SEQ 1D NO:22, SEQ
1D NO:24, SEQ 1D NO:26, SEQ [D NO:28, SEQ ID NG:30, SEQ ID NG:32, SEQ 1D N34,
SEQ ID NG:36, SEQ 1D NO:38, SEQ 1D NO:40, SEQ 1D NG:42, SEQ ID NG44, SEQ ID
NG:46, SEQ 1D NG:48, SEQ ID NG:50, SEG ID NO:52, SEQ TD NO:34, SEQ 1D NO:56,
SEQ ID NO:38, SEQ ID NORO, SEG ID NO:62, SEQ 1D NO:64, SEQ 113 NO:66 or SEQ 1D
NOGR. In some embodimnents, the RBD-NP comprises an amino acid sequence having al
least about 90%, 91%. 92%, 93%, 94%, 95%, 96%, 97%, 98%. 99%, or 100% identity over
an entire length of the amino acid sequence set forth in SEQ 1D NO:22, SEQ 1D NO:24, SEQ
ID N(:26, SEQ ID NO:28, SEQ ID NO:30, SEQ ID NO:32, SEQ ID NO:34, SEQ ID NO:36,
SEQ ID NO:38, SEQ ID NO:40, SEQ 1D NO:42, SEQ 1D NG44, SEQ 1D NG:46, SEQ ID
NO:48, SEQ 1D NO:30, SEQ ID NG:52Z, SEQ 1D NG54, SEQ 1D NO:36, SEQ 1D NO:SE,
SEQ 1D NO:60, SEQ 1D NO:62, SEQ ID NO:64, SEQ ID NO:66 or SEQ 1D NO:68.

In one embodiment, the invention relates {0 a nucleic acid molecule encoding
the RBD-NP, a fragment thereof, a variant thereof, or a combination thereof In some
embodiments, the nucleic acid molecule encoding the RBD-NP can comprise a nucleotide
sequence that encodes the amino acid sequence having at least about 0%, 81%, 82%, 83%,
8495, 85%, 86%, 87%, 88%, 89%, 90%, 21%, 92%, 93%, 949, 95%, 96%, 97%, 98%, 99%,
ot 100% identity over an entire length of the anuno acid sequence set forth in SEGQ ID NQO:22,
SEQ ID NO:24, SEQ ID NO:26, SEG ID NO:28, SEQ 1D NG:30, SEQ 1D NG:32, SEQ D
N34, SEQ TD NO36, SEQ 1D NOG:3E, SEQ ID NO:40, SEQ ID NO:42, SEQ ID NO:44,
SEQ ID NG:46, SEQ I3 NG48, SEQ [D NO:S0, SEQ ID NO:52, SEQID NG54, SEQ ID
NG:56, SEQ ID NO:SR, SEQ 1D NO:60, SEQ D NO:62, SEQ 1D NO:64, SEG ID NG:6bor
SEQ ID NO:68. In some embodiments, the nuclei¢ acid molecule encoding the RBD-NP can
comprise a nucleotide sequence having at teast about 80%, 81%, 82%, 83%, 84%, 85%, 86%,
87%, 88%, 89%, 9%, 91%, 92%, 93%, D4%, 95%, 96%, 97%, 98%, 99% or 100% identity
over an entire length of the nucleic acid sequence set forth in SEQ ID NG:21, SEQ 1D
NG:23, SEQ TR NO:23, SEQ IDNG:27, SEQ 1D NG:29, SEQ ID NG:31, SEQ ID NG:33,
SEQ ID NO:35, SEQ 1D NG:37, SEQ 1D NO:39, SEQ ID NO:41, SEQ 1D NO:43, SEQ ID

37
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NG:45, SEQ ID NO:47, SEQ ID NG:49, SEQ ID NO:51, SEQ ID NO:33, SEQ 1D NG:53,
SEQ ID NO:57, SEG 1D NO:59, SEQ ID NO:61, SEQ 1D NO:63, SEQ 1D NG:65 or SEQ D
NO:67. In some embodiments, the nucleotide sequence encoding the oligomerization domain
can be operably linked 1o a sequence encoding at least one linker sequence, such as an L83 or
GGS hinker sequence.

Immunogenic fragments of SEQ 1D NO:22, SEG ID NO:24, SEQ 1D NG:26,
SEQ ID NO:28, SEQ ID NO:30, SEQ 1D NO:32, SEQ IR NG:34, SEQ ID NO:36, SEQ ID
NG:38, SEQ ID NG:40, SEQ ID NG:42, SEQ ID NG44, SEQ TD NO46, SEQ TD NO48,
SEQ ID NGO:SO, SEG ID NG:52, SEQ ID NQO:54, SEQ TD NO:36, SEQ 1D NG5S, SEQ ID
NG:60, SEQ ID NO:62Z, SEQ ID NO:64, SEG ID NO:66 or SEG 1D NO:68 can be provided.
Immunogenic fragments can comprise at least 60%, at least 65%, at least 70%, at least 75%,
at least 80%, ai least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%
or at least 99% of SEQ ID NO:22, SEQ ID NO:24. SEQ 1D NO:26, SEQ 1D NO:28, SEQ 1D
NG30, SEQ ID NO:32, SEQ ID NO:34, SEQ ID NO:36, SEQ 1D NG:38, SEQ ID NG440,
SEQ ID NO:42, SEQ ID NO:44, SEQ 1D NO:46, SEQ 1D NO:48, SEQ 1D NG5G, SEQID
NG:52, SEQ ID NGO:34, SEQ ID NO:S6, SEQ 1D NO:58, SEQ 1D NO:60, SEQ 1D NO:62,
SEQ 1D NO:64, SEG 1D NO:66 or SEQ ID NO:68. Immunogenic fragments of proteins with
amino acid sequences homologous {0 immunogenic fragments of SEQ ID NQG:22, SEQ ID
NO:24, SEQ ID NO:26, SEQ 1D NO:28, SEQ 1D NO:30, SEQ 1D NO:32, SEQ 1D NO:34,
SEQ ID NO:36, SEQ 1D NO:38, SEQ 1D NO:40, SEQ 1D NOG:42, SEQ ID NG44, SEQ ID
NG46, SEQ ID NO48, SEQ ID NG5O, SEQ ID NO:52, SEQ 1D N(O:34, SEQ 1D NG:56,
SEQ ID NG:S8, SEG 1D NO:60, SEQ ID NO.62, SEQ TD NG.64, SEQ ID NG:66 or SEQ ID
NG:68 can be provided. Such immumogenic fragments can comprise at least 60%, at least
63%, at least 70%, at least 75%, at least 80%. at least 85%, at least 90%, at least 95%, at least
96%, at least 97%, at least 98% or at least 99% identity SEQ ID NG:22, SEQ D NO:24, SEQ
D NO:26, SEQ 1D NO:28, SEQ ID NG:30, SEQ 1D NO:32, SEQ D NG:34, SEQ ID NO:36,
SEQ ID NO:38, SEQ 1D NO:40, SEQ 1D NO:42, SEQ 1D NO:44, SEQ 1D NO:46, SEQ ID
NO:48, SEQ ID NO:50, SEGQ ID NO:52, SEQ ID NO:54, SEQ 1D NO:56, SEQ 1D NO:58,
SEQ ID NO:60, SEQ ID NO:62, SEQ D NO:64, SEQ 1D NO:66 or SEQ 1D NG:6E.

Some embodiments relate to tnumunogenic fragments of SEQ 1D NO:21, SEQ
1D NO:23, SEQ ID NO:25, SEQ D NG:27, SEQ 1D NO:29, SEQ 1D NG:31, SEQ ID NO:33,
SEQ ID NG:35, SEQ 1D NG:37, SEQ D NG:39, SEQ ID NO:41, SEQ ID N(O:43, SEQ ID
NO:45, SEQ ID NO:47, SEQ 1D NO:49, SEQ 1D NO:51, SEQ ID NO:53, SEQ ID NO'55,

~
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SEQ IDNO:57, SEG ID NO:59, SEQ ID NO:61, SEQ 1D NG:63, SEQ I NG:63 or SEQ ID
NO:67. Imnunogenic fragments can be at least 60%, at least 65%, at least 70%. at least 75%,
at feast 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%
or at least 99% of the full length of SEQ ID NO:21, SEQ ID NO:23, SEQ ID NQ:25, SEQ ID
NG:27, SEQ ID NO:29, SEQ ID NG:3 L, SEQ ID NO:33, SEQ ID NGO:35, SEQ ID NG:37,
SEQ ID NO:39, SEQ 1D NO41, SEQ 1D NO:43, SEQ 1D NO:4S, SEG IDNG:47, SEQID
NG 49, SEG ID NO:S1, SEQ ID NO:S3, SEQ ID NO:535, SEQ 1D NO:37, SEQ 1D NO:59,
SEQ ID NO:ol, SEQ ID NO:63, SEQ ID NO6S or SEGQ ID NQ:67. Immunogenic fragments

YA

can comprise at least 95%, at least 96%, at least 97% at least 98% or at least 99% identity to
fragments of SEG ID NO:21, SEQ ID NO:23, SEQ ID NOG:23, SEQ ID NO:27, SEQ ID
MNO29, SEQ TR NO3T, SEQ 1D NG:33, SEQ 1D NG:33, SEQ ID NO:37, SEQ 1D NO:39,
SEQ ID NG:41, SEQ I3 NG:43, SEQ [D NG4S, SEQ ID NO:47, SEQID NG:49, SEQ ID
NO:51, SEQ ID NO:53, SEQ ID NO:55. SEQ ID NO:57. SEQ ID NO:59, SEQ 1D NO:61,
SEG ID NG:63, SEQ ID NG:6S or SEQ ID NG:67.

Leader Sequence

in some embodiments, the SARS-CoV-2 spike RBD or RBD-NP sequences of
the invention are operably linked (o at least one leader sequence or a pharmaceutically
acceptable salf thereof. In some embodiments, the nucleic acd molecules of the invention
encoding the SARS-CoV-2 spike RBD or RBD-NP sequences are operably linked to at least
one nucleotide sequence encoding a leader sequence or a pharmaceutically acceptable salt
thereof. "Signal peptide” and "leader sequence” are used interchangeably herein and refer to
an amino acid sequence that can be linked at the amino terminus of a protein set {orth herein.
Signal peptides/leader sequences typically direct localization of a protem. Signal
peptides/ieader sequences used herein preferably facilitate secretion of the protein from the
cell 1 which 1t is produced. Sigunal peptides/leader sequences are ofien cleaved from the
remainder of the protein, often referred to as the mature protein, upon secretion from the cell.
Signal peptides/leader sequences are linked at the N terminus of the protein.

In one embodiment, the leader sequence is the IgE leader sequence comprising
the amino acid sequence of MDWTWILFLVAAATRVHS (SEQ ID NG: 69). In some
embodiments therefore, the leader sequence in the disclosed expressible nucleic acid

sequence comprises a sequence encoding SEQ ID NG:69.

5.
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Linker Seguence

in some embodiments, the SARS-LCoV-2 spike RBD or RBI-NP sequences of
the invention are operably linked to at least one linker sequence. For example, in some
embodiments the SARS-CoV-2 spike RBD or RBD-NP sequences comprise a linker between
the leader sequence and the SARS-CoV-2 spike RBD sequence. In some embodiments the
RBD-NP sequences comprise a linker between the SARS-CoV-2 spike RBD sequence and
the oligomerization domain. A linker can be etther flexible or rigid or a combination thereof.
In one embodiment, the linker is a (GGS)u repeatl wherein, the GGS is repeated at least 1, 2,
34,5 6,78, 9, or 10 or moore than 10 times.

In some embodiments, the expressible nucleic acid sequence comprises at
least one nucleic acid sequence encoding a hinker comprising at least 70% sequence identity
to SEQ ID NO:70 or a pharmaceutically acceptable salt thereof. SEQ 1D NO:70 15 the nucleic
acid sequence GGAGGCTCCGGAGGATUTGGAGGGAGTGGAGGCTCAGGAGGAGGC
encoding the amino acid sequence of GGSGGSGGSGGEGGG (SEQ ID NG: 711 In some
embodiments, the at least one nucleic acid sequence, encoding a linker, encodes a sequence
commprising at least about 70%, 75%, 80%, 85%, 90%, 95%, or 9% sequence identity to SEQ
1D NO:71 or a pharmaceutically acceptable salt thereof. In some embodiments, the at least
one nucleie acid sequence, encoding a linker, comprises a sequence having at least abowt
70%, 75%., 80%, 85%, 90%, 95%, or 99% sequence identity 1o SEQ ID NG 70 ora
pharmaceutically acceptable salt thereof.

in some embodiments, the expressible nucleic acid sequence comprises at
teast one nucleic acid sequence encoding an L83 linker comprising at least 70% sequence
wdentity to SEQ 1D NO:72 or a pharmaceutically acceptable salt thereof. SEQID NO72 s
the nucleic acid sequence
TTGCGATTTGGTATTGTCGCTTCCCGCGCAAACCATGCGUTCGTGGGTGGTTCCG
GTGGC encoding the amino acid sequence of LRFGIVASRANHALVGGSGG (SEQ ID
NQO: 73}, In some embodiments, the at least one nucleic acid sequence, encoding a hinker,
encodes a sequence comprising at least about 70%, 75%, 80%, 85%, 90%, 95%. or 99%
sequence dentity to SEQ 1D NOG:73 or a pharmaceutically acceptable salt thereof. In some
embodiments, the at least one nucleic acid sequence, encoding a linker, comprises a sequence
having at least about 70%. 75%, 80%, 85%, 90%, 95%, or 99% sequence identity to SEQ D

NOT2 or a pharmaceutically accepiable salt thereof
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Vector

The vaccine can comprise one or more vectors that include a nucleic acid
encoding the RBD-NP. The one or more veciors can be capable of expressing the RBD-NP.
The vecior can have a nucleic acid sequence contaiming an origin of rephication. The vector
can be a plasmid, bacteriophage, bacterial ariificial chromosome or yveast artificial
chromosome. The vector can be either a self-replicating extrachromosomal vector or a vector
which integrates into a host genome.

The one or more vectors can be an expression construct, which 1s generally a
plasmid that is used to introduce a specific gene into a target cell. Once the expression vector
is inside the cell, the protein that is encoded by the gene is produced by the cellufar-
transcription and translation machinery ribosomal complexes. The plasmid is frequently
engineered to contan regulatory sequences that act as enhancer and promoter regions and
lead to efficient transcription of the gene carried on the expression vector. The vectors of the
present invention express large amounts of stable messenger RNA, and therefore proteins.

The vectors may have expression signals such as a strong promoter, a strong
termunation codon, adjustment of the distance between the promoter and the cloned gene, and
the msertion of a transcription termination sequence and a PTIS {portable translation
mitiation sgquence}.

{1) Expression Vectors

The vector ¢an be a circular plasmid or a linear nucleic acid. The circular
plasmid and linear nucleic acid are capable of directing expression of a particular nucleotide
sequence in an appropriate subject cell. The vector can have a promoter operably linked to
the antigen-encoding nucleotide sequence, which may be operably linked to termination
signals. The vector can also contain sequences required for proper transiation of the
nucleotide sequence. The vector comoprising the nucleotide sequence of interest may be
chimeric, meaning that at least one of its components is heterologous with respect to at least
one of its other components. The expression of the nucleotide sequence in the expression
cassette may be under the control of a constitutive promoter or of an inducible promoter,
which initiates transcription only when the host cell 1s exposed to some particular external
stimulus. In the case of a multicellular organism, the promoter can also be specifictoa

particular tissue or organ or stage of development.

“3i-



WO 2022/098728 PCT/US2021/057859

{2) Civeular and Linear Vectors

The vector may be a circular plasmid, which may transform a target cell by
integration into the cellular genome or exist extrachromosomally {e.g., autonomous
rephicating plasmid with an origin of replication),

The vector can be pV AKX, pcDNA3.0, or provax, or any other expression
vector capable of expressing DNA encoding the antigen and enabling a cell to translate the
sequence to an antigen that is recognized by the immune system.

Also provided herein is a hinear nucleic acid vaccine, or linear expression
cassette ("LEC™), that is capable of being efficiently delivered to a subject via electroporation
and expressing one or more desired antigens. The LEC may be any linear DNA devoid of any
phosphate backbone. The DNA may encode one or more antigens. The LEC may contain a
promater, an intron, a stop codon, and/or a polyadenylation signal. The expression of the
antigen may be controlled by the promoter. The LEC mav not contain any antibiotic
resistance genes and/or a phosphate backbone. The LEC may not contain other nucleic acid

sequences unrelated to the desired antigen gene expression,

{3} Promoter, Intron, Stop Codon, and Pelyadenylation
Signal

The vector may have a promoter. A promoter may be anv promoter that is
capable of driving gene expression and regulating expression of the isolated nucleic acid.
Such a promoter 13 a cis~acting sequence element required for transcription via a DNA
dependent RNA polymerase, which transcribes the antigen sequence described herein,
Selection of the promoter used to direct expression of a heterologous nucleic acid depends on
the particular application. The promotier may be positioned about the same distance from the
transcription start in the vecior as it 15 from the transcription start site in tis natural sething,
However, variation in this distance may be accommodated without loss of promoter finction.

The promoter may be operably linked to the nucleic acid sequence encoding
the antigen and signals required for efficient polvadenviation of the transcript, ribosome
binding sites, and translation ternunation. The promoter may be a CMV promoter, SV40
garly promoter, SV40 later promoter, metaliothionein promoter, murine manmmary fmor
virus promoter, Rous sarcoma virus promoter, polyhedrin promoter, or another promoter
shown effective for expression i eukaryotic cells.

The vector may include an enhancer and an intron with functional splice donor

and acceplor sites. The vector may contain a transeription termination region downstream of
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the structural gene to provide for efficient termination. The {ernunation region may be
obtained from: the same gene as the promoter sequence or may be obtained from different

genes.

Excipients and sther Components of the Vaceine

The vaccine may further comprise a pharmaceutically acceptable excipient.
The pharmaceutically acceptable excipient can be functional molecules such as vehicles,
carriers, or dituents. The pharmaceutically acceptable excipient can be a transfection
facilitating agent, which can include surface active agents, such as immune-stimulating
complexes (ISCOMS}, Freunds incomplete adjuvant, LPS analog including monophosphoryi
lipid A, muramyl peptides, quinone analogs, vesicles such as squalene and squalene,
hyvaluronic acid, lipids, hiposomes, calcium ions, viral proteins, polvanions, polycations, or
nanoparticles, or other known transfection facilitating agents.

The transfection facilitating agent i1s a polyanion, polycation, inchuding poly-
L-glutamate (LGS), or lipid. The transfection facilitating agent is poly-L-glutamate, and the
poly-L-glutamate may be present in the vaccine at a concentration less than 6 mg/ml. The
transfection facilitating agent may also include swrface active agenis such as immune-
stimnitating complexes (ISCOMS), Freunds incomplete adjuvant, LPS analog inchiding
monophosphoryi lipid A, muramyl peptides, quinone analogs and vesicles such as squalene
and squalene, and hvaluronic acid may also be used adnunistered in conjunction with the
genetic consiruct. The DINA plasmid vaccines may also include a transfection facilitating
agent such as lipids, liposomes, mcluding lecithin liposomes or other liposomes known in the
art, as a DNA-liposome nuxture {see for example W09324640), calcium ions, viral proteins,
polyanions, polycations, or nanoparticles, or other known transfection facilitating agents. The
transfection facilitating agent is a polvanion, polvcation, including polyv-L-ghitamate (LGS},
ot lipid. Concentration of the transfection agent iu the vaccine i1s less than 4 mg/ml, less than
2 mg/mi, less than 1 mg/ml, less than 0.750 mg/mi, less than ¢.500 mg/mi, less than 0.250
mg/mi, ess than 0.100 mg/mi, less than 6.050 mg/mi, or less than 0.010 mg/mi.

The pharmaceutically acceptable excipient can be an adjuvant. The adjuvant
can be other genes that are expressed in an altemnative plasmid or are delivered as proteins in
combination with the plasmid above in the vaceine. The adjuvant may be selected from the
group consisting of g-interferon{IFN- g}, f~interferon (IFN-f), y-interferon, platelet derived
growth factor (PDGF), TNFa, TNFB, GM-CSF, epidermal growth factor (EGF), cutaveous T
celi-attracting chemokine (CTACK), epithelial thymus-expressed chemokine (TECK),
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mucosae-associated epithelial chemokine (MEQ), 1L-12, IL-15, MHC, CDRO, CDR6
including 1L-15 having the signal sequence deleted and optionally includimg the signal
peptide from IgE. The adjuvant can be IL-12, IL-15, 1L-28, CTACK, TECK, platelet derived
growth factor (PFDGF), TNFo, TNFB, GM-CSF, epidermal growth factor (EGF}, IL-1, IL-2,
IL-4, §1.-5, 1L-6, IL-10, [L-12, YL-18, or a combination thereof.

Other genes that can be useful as adjuvants include those encoding: MCP-1,
MiP-la, MIP-1p, [L-§, RANTES, L-selectin, P-selectin, E-selectin, CD34, GlvCAM-1,
MadCAM-1, LFA-1, VLA-1, Mac-1, plS0.95, PECAM, ICAM-1, ICAM-2 ICAM-3, CD2,
LFA-3, M-CSF, G-CSF, IL-4, mutant forms of IL-18, CD40, CD40L, vascular growth factor,
fibroblast growth factor, IL-7, 1L-22, nerve growth factor, vascular endothehial growth factor,
Fas, TNF receptor, Flt, Apo-1, p3S, WSL-1, DR3, TRAMP, Apo-3, AIR, LARD, NGRF,
DR4. DRS, KILLER, TRAIL-R2, TRICKZ, DR6, Caspase ICE, Fos, c-jun, Sp-1, Ap-1, Ap-2,
p38. p65Rel, MyD88, IRAK, TRAFG, kB, Inactive NIK, SAP K, SAP-1, JNK, interferon
response genes, NFKB, Bax, TRAIL, TRAILrec, TRAILrecDRCS, TRAIL-R3, TRAIL-R4,
RANK, RANK LIGAND, Ox40, Ox40 LIGAND, NKG2ZD, MICA, MICB, NKG2ZA,
NKG2B, NKG2ZC, NKG2E, NKG2F, TAPL, TAPZ and functional fragments thereof.

The vaccine may further comprise a genetic vaccine facilitator agent as
described in U.S. Serial No. 021,579 filed Apnl 1, 1994, which is fully incorporated by
reference.

The vaccine can be formulated according to the mode of administration to be
used. An injectable vaccine pharmaceutical composition can be sterile, pyrogen free and
particulate free. An isotonic formulation or solution can be used. Additives for isotonicity can
include sodium chloride, dextrose, mannitol, sorbitol, and lactose. The vaccine can comprise
a vasoconsiriction agent. The isotonic solutions can include phosphate buffered saline.
Vaccine can further comprise stabilizers including gelatin and albumin. The stabilizers can
allow the formulation to be stable at room or ambient temperature for extended periods of

time, including LGS or polveations or polyvanions.

Methed of Vaccination

Also provided herein is a method of ireating, protecting against, and/or
preventing disease i a subject in need thereof by administering the vaccine to the subject.
Adnunistration of the vaccine to the subject can induce or elicit an imvmune response w the

subject. The induced imunune response can be used to treat, prevent, and/or protect against
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disease, for example, pathologies relating to SARS-CoV-2 infection. In one embodiment, the
pathology relating to SARS-CoV-2 infection is COVID-19.

The induced immune response can include an induced humoral immune
response and/or an induced cellular immuune response. The humoral immume response can be
induced by about 1.5-fold to about 16-fold, about 2-fold to about 12-fold, or about 3-fold to
about 10-fold. The induced humoral immune response can include 1gG antibodies and/or
neutralizing antibodies that are reactive to the SARS-CoV-2 spike RBD. The induced cellular
tmrnune response can include a CD8™ T cell response, which is induced by about 2-fold 6
about 30-fold, about 3-fold to about28-fold, or about 4-fold to about 20-fold.

The vaccine dose can be between 1 ug to 10 mg active component/kg body
weight/time, and can be 20 ug to 10 mg component/kg body weight/tume. The vaccine can be
administered every 1,2,3,4,5,6,7.8,9, 10, 11, 12, 13, 14, 15, 16,17, 18, 19,20, 21, 22,
23,24, 25,26, 27, 28,29, 30, or 31 days. The number of vaccine doses for effective treatment

canbe 1,2, 3,4 56,7 & 9 or1{

Administration

The vaccine can be formulated in accordance with standard techniques well
known to those skilled in the pharmaceutical art. Such compositions can be administered in
dosages and by techuiques well known to those skilled in the medical arts taking nto
consideration such factors as the age, sex, weight, and condition of the particular subject, and
the route of administration. The subject can be a mammal, such as a human, a horse, acow, a
pig, a sheep, a cat, a dog, a rat, or a mouse.

The vaccine can be administered prophylactically or therapeutically. In
prophylactic administration, the vaccines can be administered in an amount sufficient to
induce an immune response. In therapeutic applications, the vaccines are administered (o a
subject 1n need thereof in an amount sufficient to elicit a therapeutic effect. An amount
adequate to accoraplish this is defined as “therapeutically effective dose.” Amounis effective
for this use will depend on, &.g., the particular composition of the vaccine regimen
admimstered, the manner of adnuinistration, the stage and severity of the disease, the general
state of health of the patient, and the judgment of the prescribing physician.

The vaccine can be administered by methods well known in the art as
deseribed in Donnelly et al. (Ann. Rev. Immumol. 15:617-648 (1997}, Felgner et al. (UK.
Pat. No. 5,580,859, issued Dec. 3, 1996); Felgner (U8, Pat. No. 5,703,033, issued Dec. 30,

1997y and Carson et al. (U.S. Pat. No. 5,679,647, issued Oct. 21, 1997}, the contends of all of
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which are incorporated herein by reference in their enfirety. The DNA of the vaccine can be
complexed to particles or beads that can be administered to an individual, for example, using
a vaccine gun. One skilled in the art would know that the choice of a pharmaceutically
acceptable carrier, including a physiologically acceptable compound, depends, for example,
on the route of admimstration of the expression vector.

The vaccine can be delivered via a vaniety of routes. Typical delivery routes
include parenteral administration, e.g., infradermal, inframusculiar or subcutansous delivery.
Other routes include oral adminisiration, intranasal, and intravaginal routes. For the DNA of
the vaccine in particular, the vaccine can be delivered to the interstitial spaces of tissues of an
individual (Felgner et al., U.S. Pat. Nos. 5,580,859 and 5,703,055, the contents of all of
which are incorporated herein by reference in their entivety ). The vaccine can also be
admiristered fo muscle, or can be admanisiered via intradermal or subcutaneous injections, or
transdermally. such as by 1ontophoresis. Epidermal administration of the vaccine can also be
employed. Epidermal adminisiration can involve mechanically or chemically irritating the
putermost tayer of epidermis to stimulate an immume response to the immitant (Carson et al.,
U.S. Pat. No. 5,679,647, the contents of which are jncorporated herein by reference ju its
entirety}.

The vaccine can alse be formudated for admunisiration via the nasal passages.
Formulations suitable for nasal admunistration, wherein the carrier is a sohid, can include a
coarse powder having a particle size, for example, in the range of about 10 to about 500
microns which is administered in the manner in which snuff is taken, Le., by rapid inhalation
through the nasal passage from a container of the powder held close up 10 the nose. The
formulation can be a nasal spray, nasal drops, or by aerosol administration by nebulizer. The
formulation can include agueous or oily solutions of the vaccine.

The vaccine can be a hquid preparation such as a suspension, syrup or elixir,
The vaccine can also be a preparation for parenteral, subcutaneous, intradermal,
intramuscular or intravenous administration {e.g., injectable admimustration}, such as a sterile
suspension or emulsion.

The vaccine can be incorporated into hiposomes, microspheres or other
polymer mattices (Felgner et al., U.S. Pat. No. 3,703,055, Gregonadis, Liposome
Technology, Vols. Ito I (2nd ed. 1993), the contents of which are incorporated herein by

reference in their enfirety). Liposomes can consist of phospholipids or other lipids, and can be
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nontoxic, physiotogically acceptable and metabolizable carriers that are relatively simple to
make and adnunister.

The vaccine can be administered via electroporation, such as by a method
described 1n U.8. Patent No. 7,664,545, the contents of which are incorporated herein by
reference. The electroporation can be by a method and/or apparatus described in U8, Patent
Nos. 6,302,874, 5,676,646, 6,241,701 6,233,482, 6,216,034; 6,208 893; 6,192.270;
6,181,964; 6,150,148, 6,120,493, 6,096,020, 6,068,650, and 5,702,359, the contents of which
are incorporated herein by reference in their entirety. The electroporation may be carmed out
via a nunimally jovasive device.

The minimally invasive electroporation device ("MID”) mav be an apparatus
for injecting the vaccine described above and associated fluid into body tissue. The device
may comprise a hollow needle, DNA cassette, and {lud delivery means, wherein the device
is adapted to actuate the fluid delivery means in use 50 as to concurrently (for example,
automatically} inject DNA into body tissue during insertion of the needle into the said body
tissue. This has the advantage that the ability to inject the DNA and associated fluid gradually
while the needie 1s being inserted leads 1o a more even disirtbution of the fluid through the
body tissue. The pain experienced during injection may be reduced due to the distribution of
the DNA being injected over a larger area.

The MID may inject the vaccine into tissue without the use of a needle. The
MID may inject the vaccine as a small stream or jet with such force that the vaccine pierces
the surface of the tissue and enters the underlving tissue and/or muscle. The force behind the
small stream or jet may be provided by expansion of a compressed gas, such as carbon
dioxide through a micro-~orifice within a fraction of a second. Examples of minimally
invasive electroporation devices, and methods of using them, are described in published U S
Patent Application No. 20080234655; U.S. Patent No. 6,520,950; U.S. Patent No. 7,171,264
U.S. Patent No. 6,208,893, U.S. Patent NO. 6,009,347, U 8. Patent No. 6,120,493, U.S.
Patent No. 7,245,963, U.S. Patent No. 7.328,064; and U.S. Patent No. 6,763,264, the contents
of each of which are herein incorporated by raference.

The MID may comprise an injector that creates a high-speed jet of liquud that
paiulessly pierces the tissue. Such needle~free injeciors are coramercially available. Examples
of needle-~free injectors that can be utilized herein include those described in U.S. Patent Nos.
3,803,783, 4,447 223; 5,505,697, and 4,342,310, the contents of each of which are herein

mcorporated by reference.
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A desired vaccine in a form suttable for direct or indirect electrotransport may
be introduced {g.g., injected) using a needle-free injector irto the tissue to be treated, usually
by contacting the tissue surface with the injector s as 1o actuate delivery of a jet of the agent,
with sufficient force (o cause penetration of the vaccine into the {issue. For example, if the
fissue to be treated 1s moucosa, skin or muscle, the agent is projected towards the mucosal or
skin surface with sufficient force to cause the agent to penetrate through the stratum corneum
and into dermal layers, or into underlying tissue and muscle, respectively.

Negdle-free mjectors are well suited to deliver vaceines (o all types of tissues,
particularly to skin and mucosa In some embodiments, a needle-free ijector may be used to
propel a hiquid that contains the vaccine to the surface and mto the subject's skin or mucosa.
Representative examples of the various types of tissues that can be treated using the invention
methods nclude pancreas, laryny, nasopharyns, hypopharyns, oropharyns, lip, throat, lung,
heart, kidney, muscle, breast, colon, prostate, thymus, testis, skin, mucosal fissue, ovary,
blood vessels, or any combination thereof.

The MID may have needle electrodes that electroporate the tissue. By pulsing
between multiple pairs of electrodes in a multiple electrode array, for example set up n
rectangular or square patterns, provides improved results over that of pulsing between a pair
of electrodes. Disclosed, for example, in U.S. Palent No. 5,702,359 entitled “Needle
Electrodes for Mediated Delivery of Drugs and Genes” is an array of needles wherein a
plurality of pairs of needles may be pulsed during the therapeutic treatment. In that
application, which is incorporated herein by reference as though fully set forth, needles were
disposed in a circular array, but have connectors and switching apparatus enabling a pulsing
between opposing pairs of needle electrodes. A pait of needle electrodes for delivering
recombinant expression vectors to cells may be used. Such a device and system is described
in U8, Patent No. 6,763,264, the contents of which are herein incorporated by reference.
Alternatively, a single needle device may be used that allows imjection of the DNA and
electroporation with a single needle resembling a normal injection needle and applies pulses
of lower voliage than those delivered by presently used devices, thus reducing the electrical
sensation experienced by the patient.

The MID may comprise one or more electrode arrays. The arrays may
comprise two or more needles of the same diameter or different diameters. The needles may
be evenly or unevenly spaced apart. The needles may be between 0.005 inches and 0.03

inches, between .01 inches and 0.025 inches; or between 0.01S inches and 0.020 inches. The
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needle may be 0.0173 inches in diameter. The needles may be 0.3 am, 1.0 mom, 1.5 mm, 2.0
mm, 2.5 oum, 3.0 mm, 3.5 nun, 4.0 mum, or more spaced apart.

The MID may consist of a pulse generator and a two or more-needle vaccine
injectors that deliver the vaceine and electroporation pulses in a single step. The pulse
generator may allow for flexible prograroming of pulse and injection parameters via a flash
card operated personal computer, as well as comprehensive recording and storage of
electroporation and patient data. The pulse generator may deliver a varisty of volt pulses
during short periods of time. For example, the pulse generator may deliver three 15 volt
pulses of 100 ms in duration. An example of such a MID is the Elgen 1000 system by Inovio
Biomedical Corporation, which is described in U.S. Patent No. 7,328,064, the contents of
which are herein meorporated by reference.

The MID may be a CELLECTRA (Inovio Pharmaceuticals, Blue Bell PA)
device and system, which is a modular electrode system, that facilitates the introduction of a
macromolecule, such as a DNA, into cells of a selected tissue in a body or plant. The modular
electrode system may comprise a plurality of needle electrodes; a hypodermic needle; an
electrical connector that provides a conductive link from a programmable constand-current
pulse condroller to the plurality of needie electrodes; and a power source. An operator can
grasp the plurality of needle electrodes that are mounted on a support structure and firmly
insert them mio the selected tissue in a body or plant. The macromolecules are then delivered
via the hypodermic needle mto the selected tissue. The programmable constant-current pulse
controller is activated and constant-current electrical pulse is applied to the plurality of neadle
electrodes. The applied constant-current electrical pulse facilifates the introduction of the
macromolecule into the cell between the plurality of electrodes. Cell death due to overheating
of cells s minimized by limiting the power dissipation in the tissue by virtue of constant-
current pulses. The Cellectra device and system s described 1n U.S. Patent No. 7,245,963, the
contents of which are herein incorporated by reference.

The MID may be an Elgen 1000 system (Inovio Pharmaceuticals). The Elge
1000 system may comprise device that provides a hollow needle; and fluid delivery means,
wherein the apparatus is adapted to actuate the fluid delivery means in use so as to
concurrently (for example automatically) inject fluid, the described vaccine heren, into body
tissue during ingsertion of the needle into the said body tissue. The advantage is the ability to
inject the fluid gradually while the needle is being inserted leads to a more even distnbution

of the fluid through the body tissue. It 1s also believed that the pain experienced during
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mjection 1s reduced due 1o the distribution of the volume of fluid being injected over a larger
area.

in addition, the automatic injection of fluid facilitates automatic monitoring
and regisiration of an actual dose of fluid injected. This daia can be stored by a control anit
for documentation purposes if desired.

it will be appreciated that the rate of injection could be either linear or non-
linear and that the injection may be carried out after the needles have been inserted through
the skin of the subject to be treated and while they are inserted further into the body tissue.

Suitable tissues into which flind may be injected by the apparatus of the
present invention mnclude tumor tissue, skin or liver tissue but may be muscle tissue.

The apparatus farther comprises needle insertion means for guiding nsertion
of the needle into the body tissue. The rate of fluid iyjection 1s controlled by the rate of
needle msertion. This has the advantage that both the needle insertion and mjection of fluid
can be controlled such that the rate of msertion can be maiched o the rate of injection as
desired. Tt also makes the apparatus easier for a user to operate. If desired means for
autornatically inserting the needie into body tissue could be provided.

A user could choose when to commence injection of fluid. Ideally however,
njection 1s commenced when the tip of the needle has reached muscle tissue and the
apparatus may mclude means for sensing when the needle has been mserted to a sufficient
depth for injection of the fluid to commence. This means that injection of fluid can be
prompted to commence automatically when the needle has reached a desired depth (which
will normally be the depth at which musele tissue begins}. The depth at which muscle tissue
begins could for example be taken to be a preset needle insertion depth such as a value of 4
mm which would be deemed sufficient for the needle to get through the skin laver.

The sensing means may comprise an ultrasound probe. The sensing means
may conprise a means for sensing a change in impedance or resistance. In this case, the
means may not as such record the depth of the needle in the body tissue but will rather be
adapted to sense a change in impedance or resistance as the needle moves from a different
type of body tissue into muscle. Either of these alternatives provides a relatively accurate and
simple to operate means of sensing that injection may coromence. The depth of insertion of
the needle can further be recorded if desired and could be used to control injection of fluid
such that the volume of fluid to be injected is determined as the depth of needle insertion is

being recorded.
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The apparatus may further comprise: a base for supporting the needle; and a
housing for receiving the base therein, wherein the base is moveable relative to the housing
such that the needle is retracted within the housing when the base is in a first rearward
position relative to the housing and the needle extends out of the housing when the base is in
a second forward position within the housing. This 15 advantageous for a user as the housing
can be lined up on the skin of a patient, and the needles can then be inserted into the patient's
skin by moving the housing relative to the base.

As stated above, it is desirable to achieve a controlled rate of fluid injection
such that the fluid is evenly distributed over the length of the needle as it is inserted o the
skin. The fluid delivery means may comprise piston driving means adapted to mject fhud at a
controlled rate. The piston driving means could for example be activated by a servo motor,
However, the piston driving means may be actuated by the base being moved in the axial
direction relative to the housing. It will be appreciated that alternative means for fluid
delivery could be provided. Thus, for example, a closed container which can be squeezed for
fluid delivery at a controlled or non-controlled rate could be provided in the place of a
syringe and piston systero.

The apparatus described above could be used for any type of injection. It is
however envisaged to be particularly useful in the field of electroporation and so it may
further comprises roeans for applving a voltage to the needle. This allows the needle to be
used not only for injection but also as an electrode during, electroporation. This is particularly
advantageous as it means that the electric field is applied to the same area as the injected
fluid. There has traditionally been a problem with eleciroporation in thai it is very difficult to
accurately align an elecirode with previously injected fluid and so users have tended to ingect
a larger volume of fluid than is required over a larger area and to apply an electric field overa
higher area to attempt to guarantee an overlap behween the injected substance and the electric
field. Using the present invention, both the volume of fluid ingected and the size of electric
field appliad may be reduced while achieving a good fit between the electric field and the

fluid.

kit

Provided herein is a kit, which can be used for treating a subject using the
method of vaccination described above. In one embodiment, the kit can comprise the vaccine.
In ome embodiment, the kit can coroprise a nucleic acid molecule encoding a RBD-NP of the

mvention.
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The kit can also comprise instructions for carrying out the vaccination method
described above and/or how to use the kit Instructions included in the kit can be affixed to
packaging material or can be included as a package insert. While instructions are typically
written or printed materials, they are not limited to such. Any medium capable of storing
mstructions and commumicating them o an end user is contemplated by this disclosure. Such
media include, but are not limited to, electronic storage media (e.g., magnetic discs, tapes,
cartridges), optical media (e.g., CD ROM), and the like. As used herein, the term
“instructions” can include the address of an internet site which provides instructions,

The present invention has multiple aspects, iHlustrated by the following non-

limiting examples.
&

Examples
Example 1
The data presented here demonstrate the development of vaceimes for SARS-
CoV2 with improved potency. Scaffolds combing RBD binding domains with multivalent
self-assembling DNA launched nano particles have been developed (Figure 1 and Figure 4).
The data demonstrate that the vaccines result in rapid induction of seroconversion by the
immunogens, rapid induction of newtralizing titers (Figure 3) and an overall higher immune

potency {(Figure 2).

SEQUENCES:
SEQ IDNG: Sequence Type Description
1 nucleotide SARS-CoV-2 RBD
2 amino acid SARS-CoV-2 RBD
3 nucleotide SARS-CoV-2 RBD 2
4 amno acid SARS-CoV-2 RBD 2
3 nucleotide SARS-CoV-2 RBD 3
6 amno acid SARS-CoV-2_RBD 3
7 nucleotide SARS-CoV-2 RBD 4
8 amno acid SARS-CoV-2 RBD 4
9 nucleotide SARS-CoV-2_ RBD dimer
10 amino acid SARS-CoV-2 RBD dimer
11 nucleotide 189
12 amino acid 180
13 nucleotide FR
14 amino acid FR
15 nucleotide IMX
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16 amino acid IMX

17 nucleotide IMX 2

18 amino acid IMX 2

19 nucleotide LS

20 amino acid LS

21 nucleotide L83 RBD glohn 180 pVAX

22 amino acid LS3 RBD giohn 18O pVAX

23 nucleotide L83 RBD gkylie 180 pVAX

24 amino acid L83 RBD» gKylie 180 pVAX

a8 nuclectide LS3 RBD gDan 180 pVAX

26 amino acid LS3 RBD ghan 180 pVAX

27 nucleotide LS3 RBD gPenta 180 pVAX

28 amino acid L83 RBD gPenta 180 pVAX

29 nucleotide L83 RBD glohn FR pVAX

30 amino acid L83 RBD glohn FR pVAX

31 nucleotide L83 RBD gkyvhe FR pVAX

32 amino acid LS3 RBD gKyhe FR pVAX

33 nucleotide L83 RBD gldan FR pVAX

34 amino acid £S3 RBD gDan FR pVAX

35 nucleotide L83 RBD gPenta FR pVAX

36 amino acid LS3 RBD g¢Penta FR pVAX

37 nucleotide LS3 RBD glohn IMX pVAX

38 amino acid L83 RBD glohn IMX pVAX

39 nucleotide LS3 BBD gKylie IMX pVAX

40 amino acid LS3 RBD gKylie IMX pVAX

41 nucleotide LS3 RBD gban IMX pVAX
2 amino acid L83 RBD gban IMX pVAX

43 nucleotide L83 RBD gPenta IMX pVAX

44 amino acid L83 RBD gPenta IMX pVAX

45 nucleotide LE3 RBD gPenta IMX 6His pVAX

46 amino acid L&3 RBD gPenta IMX 6His pVAX

47 nucleotide RBD gPenta dimer IMX pVAX

48 amino acid RBD gPenta dimer IMX pVAX

49 nucleotide RBDgS IMX RBDgS pVAX

50 amino acid RBDgS IMX RBDgS pVAX

51 nucleotide RBD glohn LS pVAX

32 amino acid RBD glohn LS pVAX

33 vucleotide RBD gKyvhlie LS pVAX

54 amino acid RBD gkylie LS pVAX

35 nucleotide RBD ghDan 18 pVAX

36 amno acid RBD gban 1S pVAX

57 nucleotide RBD gPenia LS pVAX
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38 amino acid RBD gPenta 1S pVAX

59 nucleotide RBD gPenta LS short pVAX

60 amino acid RBD gPenta LS short pVAX

61 nucleotide NTD gTri4 L83 RBD gPenta pVAX
62 amino acid NTD oTrid4 LS3 RBD gPenta pVAX
63 nucleotide NTD L83 RBD gPenta pVAX

64 amino acid NTD L83 RBD gPenta pVAX

65 nucleotide NTD oTrid4 183 RBD oS IMX pVAX
66 amino acid NTD gTnd 183 RBD g8 IMX pVAX
67 nucleotide RBD g5 dimer LS pVAX

63 amino acid RBD 25 dimer LS pVAX

1t is undersiood that the foregoing detailed description and accompanying
examples are merely tllustrative and are not to be taken as limitations upon the scope of the
invention, which 1s defined solely by the appended claims and their equivalents.

Various changes and modifications to the disclosed embodiments will be
apparent to those skilled in the art. Such changes and modifications, including withowt
limitation those relating to the chemical structures, substituents, derivatives, intermediates,
syntheses, compositions, formulations, or methods of use of the invention, may be made

without departing from the spinit and scope thereof.

o2 y:
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CLADMS

What 1s claimed is;

I8 An irmamuonogenic composition comprising a nucleic acid molecule
encoding a SARS-CoV-2 spike protein receptor binding doroain (RBD), wherein the nucleic
acid molecule comprises a nuclesiide sequence selected from the group consisting of’

{a} the nucleotide sequence encodes a peptide comprising an amino acid
sequence having at least about 90% identity over an entire length of an amino acid sequence
selected from the group consisting of SEQ 1D NO:2, SEQ ID NO:4, SEQ 1D NO:6 and SEQ
iD N

(b} the nucleotide sequence encodes a peptide comprising an amino acid
sequence selecied from the group consisting of SEQ ID NG:2, SEQ ID NO4, SEQ ID NO6
and SEQ 1D NO-g;

{c} the nucleotide sequence encodes at least two peptides, wherein each of the
at feast two peptides comprises an amino acid sequence having at least about 90% identity
over an entire length of an amino acid sequence selected from the group consisting of SEQ
1D NO:2, SEQ D NG:4, SEQ ID NO:6 and SEQ IDNG:E; and

{(d) the nucleotide sequence encodes at least two peptides, wherein each of the
at feast two peptides comprises an armino acid sequence selected from the group consisting of

SEQ IDNQO:2, SEG 1D NO:4, SEQ ID NO:6 and SEQ 1D NGB

~

2. The immunogenic composition of claim 1, wherein the nucleic acid
molecule comprises a nucleotide sequence selecied from the group consisting of

(a) the nucleotide sequence having at least about 90% identity over an entire
fength of the nucleic acid sequence selected from the group consisting of SEQ ID NG, SEQ
ID NG3, SEQ ID NGS and SEQ ID NOT,

{b) the nucleic acid sequence selected from the group consisting of SE(3 1D
NO:1, SEQ 1D NO:3, SEQ ID NO:5 and SEQ 1D NO.7;

(¢} the nucleotide sequence encodes at least two peptides, wherein each of the
encoding sequences comprises at least about 90% identity over an entive length of a
nucleotide sequence selected from the group consisting of SEQ 1D NGO, SEQ ID NO:3,
SEQ ID NO:S and SEQ 1D NO.7; and
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{d) the nucleotide sequence encodes at least two peptides, wherein each of the
encoding sequences comprises a nucleotide sequence selected from the group consisting of

SEQ ID NG, SEQ 1D NG:3, SEQ ID NO:S and SEQ 1D NG7.

3. The immunogenic composition of claim 1, wherein the nucleic acid
mwolecude further encodes an oligomerization domain selected from the group consisting of:

{a) a peptide comprising an amino acid sequence having at least about 90%
identity over an eniire length of an amino acid sequence selected from the group consisting of
SEQIDNO:12, SEG ID NO: 14, SEQ 1D NO:16, SEQ 1D NG 18 and SEQ 1D NO:20; and

(b) a peptide comprising an armino acid sequence selected {rom the group
consisting of SEQ ID NO:12, SEQ ID NO:14, SEQ 1D NG 16, SEQ ID NG 18 and SEQ ID
N(:20.

4, The immunogenic compostiion of claim 3, wherein the nucleotide
sequence encoding the oligomerization domain is selected from the group consisting oft

(a) anucleotide sequence having at least about 90% identity over an entire
tength of a nucleotide sequence selected from the group counsisting of SEQ D NO: 11, SEQ
D NO:13, SEQ ID NO:1S, SEQ 1D NO:17 and SEQ ID NO:19; and

{b) a nucleotide sequence selected from the group consisting of SEQ 1D

MNOL SEQ IR NGU13, SEQ ID NG 15, SEQ ID NO: 17 and SEQ ID NG 19,

5. The inununogenic composttion of claim 1, wherein the nucleic acid
molecule encodes self-assembling nanoparticle comprising an aming acid sequence selected
from the group consisting of!

{a) an amuno acid sequence having at least about 90% identity over an entire
length of an amino acid sequence selected from the group consisting of SEQ D NOG:22, SEQ
ID NO:24. SEQ ID NO:26, SEQ ID NO:28, SEQ 1D NO:30, SEQ 1D NO:32, SEQ ID NO:34.
SEQ ID NG:36, SEQ I3 NO:38, SEQ [D NG:40, SEQ ID NO:42, SEQ ID NG44, SEQ ID
NG:46, SEQ ID NO4R, SEQ 1D NG5S0, SEQ ID NO:52, SEQ ID NO:34, SEQ 1D NG54,
SEQ D NO:S8, SEQ ID NO:60, SEQ 1D NO:62, SEQ IR NO:64, SEQ 1D NO:66 and SEQ
D NO68;
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{(b) an anuno acid sequence selected from the group consisting of SEQ ID
NG:22, SEQ ID NG:24, SEQ 1D NG:26, SEQ ID NO:28, SEQ ID NO:30, SEQ ID NO:32,
SEQ 1D NO:34, SEQ 1D NO:36, SEQ ID NO:38, SEQ ID NO:40, SEQ 1D NO:42, SEQ ID
NO:44, SEQ TD NO46, SEQ TD NG 48, SEQ 1D NG5O, SEQ ID NG:S2, SEQ ID NG54,
SEQ ID NG:56, SEQ 113 NO:SE, SEQ [D NG:60, SEQ ID NO:62, SEQ ID NO:64, SEQID
NO:66 and SEQ 1D NO:68; and

(c) afragment comprising at least 60% of the full length amino acid sequence
selected from the group consisting of SEQ 1D NG:22, SEQ ID NO:24, SEQ ID NO:26, SEQ
D NO:28, SEQ 1T NO:30, SEQ ID NO:32, SEQ ID NO:34, SEQ ID NO:36, SEQ TD NO:38,
SEQ ID NO40, SEQ ID NO42, SEG ID NG44, SEQ 1D NG:46, SEQ 1D NG:48, SEQ D
MOS0, SEQ ID NO52, SEQ 1D NG54, SEQ ID NG:56, SEQ ID NO:S8, SEQ 1D NO:66,
SEQ ID NO:62, SEQ I3 NO:64, SEQ D NO:66 and SEQ ID NO:68.

6. The immunogenic composttion of claim 5, wherein the nucleic acid
molecule encoding the self-assembling nanoparticle comprises a nucleotide sequence selected
from the group consisting of!

{a} anucleotide sequence having at least about 90% identity over an entire
length of a mucleotide sequence selected from the group consisting of SEQ 1D NGO:21, SEQ
D NGO:23, SEQ ID NO:25, SEG ID NG:27, SEQ ID NO:29, SEQ 113 NO:31, SEQ ID NO:33,
SEQ ID NO:35, SEQ 1D NO:37, SEQ 1D NO:39, SEQ 1D NOG:41, SEQ ID NO:43, SEQ ID
NG45, SEQ ID NO47, SEQ ID NG:i49, SEQ ID NO:S1, SEQ 1D N(O:533, SEQ 1D NG:53,
SEQ ID NO:57, SEQ ID NO:59, 8EQ ID NO:61, SEQ 1D NO:63, SEQ 1D NO:65 and SEQ
D NO6T,

{b) a nucleotide sequence selected from the group consisting of SEQ 1D
MNO:21, SEQ ID NO23, SEQ 1D NG:25, SEQ ID NG:27, SEQ ID NO:29, SEQ 1D NO:31,
SEQ 1D NO:33, SEQ I3 NG:35, SEQ [DNG:37, SEQ ID NO:39, SEQIDNG:41, SEQ ID
NG:43, SEQ 1D NO:45, SEQ ID NG:47, SEQ 1D NO49, SEQ 1D NG5, SEQ 1D NO:53,
SEQ ID NO:5S, SEQ ID NO:57, SEQ 1D NO:59, SEQ 1D NO:61, SEQ ID NO:63, SEQ ID
NG:65 and SEQ TD NO67; and

(¢} afragment comprising at least 60% of the full length nucleotide sequence
selected from the group consisting of SEQ ID NG:21, SEQ 1D NO:23, SEQ 1D NO:25, SEG
IB NG:27, SEQ ID NG:28, SEQ ID NO:31, SEQ ID NG:33, SEQ 1D NG:35, SEQ ID NG:37,
SEQ ID NO:39, SEQ 1D NG:41, SEQ 1D NO:43, SEQ ID NO:45, SEQ 1D NO:47, SEQ ID
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NG:49, SEQ ID NO:S1, SEQ ID NO:53, SEQ 1D NO:55, SEQ ID NO:57, SEQ 1D NO:59,
SEQ ID NO:61, SEQ 1D NO:63, SEQ ID NO:65 and SEQ 1D NO:67.

7. The immunogenic composilion of claim 1, wherein the nucleic acid

molecule comprises an expression vector,

8. The immunogenic composition of claim 1, wherein the nucleic acid

molecule 1s incorporated into a viral particle.

9. The immunogenic composition of claim 1, further comprising a

pharmaceuntically acceptable excipient.

10, The immunogenic composttion of claim 1, further comprising an

adjpuvant.

11 A nmucleic acid molecule comprising a nucleotide sequence encoding a
SARS-CoV-2 spike protein receptor binding domain (RBD), wherein the nucleic acid
molecule comprises a nucleotide sequence selected from the group consisting of:

{a) the nucleotide sequence encodes a peptide comprising an amino acid
sequence having at least about 90% identity over an entire length of an amino acid sequence
selected from the group consisting of SEQ 1D NG:2, SEQ D NG:4, SEQ 1D NO:6 and SEQ
TD NOE;

{(b) the nucleotide sequence encodes a peptide comprising an anuno acid
sequence selected from the group consisting of SEQ D NO:2, SEQ ID NO4, SEQ ID NG:6
and SEQ 1D NOE;

(¢} the nucleotide sequence encodes at least two peptides, wherein each of the
at feast two peptides comprises an amuno acid sequence having at least about 90% identity
over an entire length of an amino acid sequence selected from the group consisting of SEQ
TR NG2, SEQIDNG4, SEQ ID NG:6 and SEQ 1D NG:E: and

{d) the nucleotide sequence encodes at least two peptides, wherein each of the
at feast two peptides comprises an aming acid sequence selected from the group consisting of

SEQ D NO:2, SEQ ID NG:4, SEQ ID NO:6 and SEQ ID NO:8.
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12. The nucleic acid molecule of claim 11, wherein the nucleic acid
molecule comprises a nucleotide sequence selected from the group consisting of

{a} the nucleotide sequence having at least about 90% identity over an entire
length of the nucleic acid sequence selected from the group consisting of SEQ ID NO: 1, SEQ
IBNG:3, SEGID NGS5 and SEQ IDNG:7,

(b} the nucleic acid sequence selected from the group consisting of SEQ D
NG, SEQ ID NO:3, SEQ ID NGS5 and SEQ [D NO:7;

(¢} the nucleotide sequence encodes at least two peptides, wherein each of the
encoding sequences comprises at least about 90% identity over an entire length of a
nucleotide sequence selected from the group consisting of SEQ 1D NG 1, SEQ 1D NO:3,
SEQ ID NGS5 and SEQID NG, and

() the nucleotide sequence encodes at least two peptides, wherein each of the
encoding sequences comprises a nucleotide sequence selected from the group consisting of

SEQ ID NO:1, SEQ ID NO:3, SEQ 1D NG5 and SEQ ID NO:7.

13. The nucleic actd molecule of claim 11, wherein the nucleic acid
maolecule further encodes an oligomenization domain selected from the group consisting of’

{a} a peptide comprising an amino acid sequence having at least about 90%
identity over an entire length of an amino acid sequence selected from the group consisting of
SEQ ID NO:12, SEQ 1D NG 14, SEQ [D NO:16, SEQ ID NG:18 and SEQ DD NO:20; and

(b} a peptide comprising an amino acid sequence selected from the group
consisting of SEQ 1D NO:12, SEQ 1D NO: 14, SEQ ID NO:16, SEQ ID NO:18 and SEQ ID
NG:20.

14, The nucleic acid molecule of claim 13, wherein the nucleotide
sequence encoding the oligomerization domain is selected from the group consisting of:

{ay anucleotide sequence having at least about 90% identity over an entire
length of a nucleotide sequence selected froro the group consisting of SEQ 1D NO: 1L, SEQ
1D NO:13, SEQ ID NO:15, SEQID NO:17 and SEQ ID NO:19; and

(b} a nucleotide sequence selected from the group consisting of SEQ ID

NG SEQ ID NO:13, SEQ ID NOIS, SEG ID NOTT and SEQ 1D NO: 19

45~
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18. The nucleic acid molecule of claimn 11, wherein the nucleotide
sequence encodes self-assembling nanoparticle comprising an amino acid sequence selected
from the group consisting of:

{a) an amino acid sequence having at feast abowt 90% identity over an entire
length of an anuno acid sequence selected from the group consisting of SEG 1D NG:22, SEQ
1D NO:24, SEQ 1D NO:26, SEQ 1D NG:28, SEQ ID NO:30, SEQ 1D NG:32, SEQ 1D NO:34,
SEQ ID NO:36, SEQ ID NO:38, SEQ 1D NO:40, SEQ IR NG42, SEQ ID NG44, SEQ ID
NG:46, SEQ ID NO:43, SEQ ID NO:S0, SEQ ID NO:32, SEQ TD NO:34, SEQ TD NG:56,
SEQ ID NG:58, SEG ID NO:6O, SEG ID NO:62, SEQ 1D NG:64, SEQ 113 NG:66 and SEQ
1D NO:6R;

(b} an amino acid sequence selected from the group consisting of SEQ ID
NO:22, SEQ TD NO:24, SEQ TD NG:26, SEQ 1D NO:28, SEQ ID NO:30, SEQ ID NO:32,
SEQ ID NO:34, SEQ 1D NO:36. SEQ 1D NO:38, SEQ 1D NO:40, SEQ 1D NO:42, SEQ ID
NG44, SEQ ID NQO:46, SEQ ID NG:48, SEQ ID NO:50, SEQ 1D NG:32, SEQ ID NG54,
SEQ ID NO:S6, SEQ ID NO:S8, SEQ D NO:60, SEQ 1D NO:62, SEQ 1D NG:64, SEQID
NG:66 and SEQ 1D NO:68; and

{c} a fragment comprising at least 60% of the full length amino acid sequence
selected from the group consisting of SEQ ID NO:22, SEQ 1D NO:24, SEQ 1D N(G.26, SEQ
D NGO:28, SEQ ID NO:30, SEGQ ID NG:32, SEQ D NO:34, SEQ 113 NG:36, SEQ 1D NO:38,
SEQ ID NO:40, SEQ 1D NOi42, SEQ 1D NG44, SEQ ID NQ:46, SEGID NO:48, SEQ ID
NG5G, SEQ ID NO:S2, SEQ ID NG54, SEQ ID NO:56, SEQ 1D N(O:38, SEQ 1D NG:6(,
SEQ ID NO:6Z, SEQ ID NG:64, SEQ 1D NO:66 and SEQ ID NG:68.

16. The nucleic acid molecule of claim 13, wherein the nucleic acid
molecule encoding the self~assembling nanoparticle comprises a nucleotide sequence selected
froro the group consisting of:

{a) anucleotide sequence having at least about 90% identity over an entire
fength of a nuclectide sequence selected from the group consisting of SEQ 1D N{O:21, SEQ
T NO:23, SEQ 1D NG:25, SEQ 1D NG:27, SEQ ID NO:29, SEQ ID NG:31, SEG D NO:33,
SEQ ID NO:3S, SEQ ID NO:37, SEGQ 1D NO:39, SEQ 1D NO:41, SEQ IDNG43, SEQ D
NG:45, SEQ ID NGO 47, SEQ ID NO:49, SEG 1D NG:ST, SEQ ID NG:53, SEQ 1D NGS5,
SEQ ID NG:57, SEQ 1D NG:59, SEQ ID NO:61, SEQ ID NG:63, SEQ ID NO:65 and SEQ
D NO:67;

-50-
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{b) a nucleotide sequence selected from the group consisting of SEQ ID
N2, SEQ ID NG:23, SEQ ID NG:25, SEQ ID NO:27, SEQ ID NO:28, SEQ ID NO:31.
SEQ 1D NO:33, SEQ 1D NO:35, SEQ 1D NO:37. SEQ ID NO:39, SEQ 1D NO:41, SEQ ID
NO:43, SEQ TR NO43, SEQ IDNG:47, SEQ 1D NG:49, SEQ ID NG:S1, SEQ ID NG:S53,
SEQ ID NGS5, SEQ I3 NG:S7, SEQ [D NG:59, SEQ ID NO:61, SEQ ID NO:63, SEQID
NO:65 and SEQ 1D NG:67; and

(c) afragment comprising at least 60% of the full length nucleotide sequence
selected from the group consisting of SEQ 1D NG:21, SEQ ID NQO:23, SEQ ID NO:2S, SEQ
D NO:27, SEQ 1D NG:29, SEQ ID NG:31, SEQ ID NO:33, SEQ ID NG:35, SEQ ID NO:37,
SEQ ID NO:39, SEQ ID NO4L, SEG ID NG:43, SEQ 1D NG:45, SEQ ID NG:47, SEQ D
MNO:49, SEQ ID NG5, SEQ 1D NG:53, SEQ ID NGS5, SEQ ID NO:S7, SEQ 1D NO:S9,
SEQ ID NO:61, SEQ I NO:63, SEQ D NO:6S and SEQ ID NOG:67.

17. The nucleic acid molecule of claim 11, wherein the nucleic acid

molecule comprises an expression vector,

18, A peptide comprising an anmino acid sequence selected from the group
consisting of:

{a) a peptide comprising an amino acid sequence having at least about 90%
identity over an entire length of an amino acid sequence selected from the group consisting of
SEQ ID NO:2, SEQ ID N4, SEQ 1D NO:6 and SEQ ID NG,

{(b) a peptide comprising an amino acid sequence selected {rom the group
consisting of SEQ I3 NG:2, SEQ ID NO4, SEQ ID NG:6 and SEQ ID NG:8;

{¢} an amuno acid sequence comprising at least two peptides, wherein each of
the at least two peptides comprises an amino acid sequence having at least about 90% identity
over an entire length of an amino acid sequence selected from the group consisting of SEQ
IBNG:2, SEG IDNG:4, SEQ ID NO:6 and SEQ IDNO:R; and

(d3 an amino acid sequence comprising at feast two peptides, wherein each of
the at least two peptides comprises an amino acid sequence selected from the group

consisting of SEQ 1D NO:2, SEQ D NO:4, SEQ 1D NO:6 and SEQ 1D NG:8,

19. The peptide of claim 18 further comprising an oligomerization domain

selected from the group consisting of!

-8~



WO 2022/098728 PCT/US2021/057859

{a) a peptide comprising an amino acid sequence having at least about 90%
identity over an entire length of an amino actd sequence selected from the group consisting of
SEQ ID NG 12, SEQ ID NG 14, SEQ ID NO: 16, SEQ ID NO: 18 and SEQ 1D NG:20; and

{b) a peptide comprising an amino acid sequence selected from the group
consisting of SEQ ID NG:1Z, SEQ ID NO: 14, SEQID NO: 16, SEQ ID NG 18 and SEQ ID
NOG:20.

20. The peptide of claim 18 comprising a self-assembling nanoparticle
comprising an anmino acid sequence selected {rom the group counsisting of

{a} an amino acid sequence having at least about 90% identity over an entire
length of an amino acid sequence selected from the group consisting of SEQ ID NO:22, SEQ
1D NO:24, SEQ ID NOG:26, SEQ ID NO:28, SEQ ID NG:30, SEQ 1D NG:32, SEQ ID NG:34,
SEQ ID NO:36, SEQ 11y NO:38, SEQ 1D NO:40, SEQ 1D NO:42, SEQ ID NO:44, SEQ ID
NG44, SEQ ID NO48, SEQ 1D NO:50, SEQ 1D NO:52, SEQ 1D NO:34, SEQ 1D NQG:56,
SEQ ID NO:SB, SEQ ID NOWw60, SEQ 1D NO:62, SEQ 1D NG:64, SEQ 1D NO:66 and SEQ
1D NO:68;

{b) an amino acid sequence selected from the group consisting of SEQ [D
NO:22, SEQ ID NO:24, SEQ ID NO:26, SEQ ID NO:28, SEQ ID NO:30, SEQ ID NO:32,
SEQ ID NO:34, SEQ 1D NG:36, SEQ ID NG:38, SEQ ID NO:40, SEQ ID NO:42, SEQ D
NO44, SEQ 1D NO:46, SEQ 1D NG48, SEQ 1D NO:30, SEQ ID NO:52, SEQ 1D NO:54,
SEQ ID NO:56, SEQ ID NO:58, SEQ 1D NO:60, SEQ 1D NO:62, SEQ ID NO:64, SEQ ID
WNO:66 and SEQ TP NO:68; and

{¢) a fragment comprising at least 60% of the full length amino acid sequence
selected from the group consisting of SEQ ID NO:22, SEQ 1D NO:24, SEQ 1D NO:26, SEG
ID NO:28, SEQ ID NO:30, SEQ ID NO:32, SEQ 1D NO:34, SEQ ID NO:36, SEQ ID NO:38,
SEQ ID NO:40, SEQ ID NO:42, SEQ ID NO:44, SEQ ID NO:46, SEQ ID NO:48, SEQ ID
NO:50, SEQ D NO:32, SEQ 1D NG54, SEQ 1D NGO:56, SEQ ID NO:58, SEQ ID NG00,
SEQ ID NO:62, SEQ ID NO:64, SEQ 1D NO:66 and SEQ ID NO:68

21 A method of inducing an immumne response against SARS Coronavirus
2 (SARS-CoV-2) in a subject in need thereof, the method comprising administering an
immunogenic composition of claim 1, a nucleic acid molecule of claim 11 or a peptide of

claim 18 1o the subject.
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22, The method of clain 21, wherein administering includes at least one of

electroporation and injection.

23. A method of protecting a subject in need thereof from infection with
SARS-CoV-2, the method comprising administering an immunogenic composition of claim

1, anucleic acid molecule of claim 11 or a peptide of claim 18 1o the subject.

24, The method of the claim 23, wherein administering includes at least

one of electroporation and injection.

25, A method of treating a subject in need thereof agamst SARS-CoV-2,
the method comprising adnunistering an imununogenic composition of claim 1, a nucleic acid
molecule of claim 11 or a peptide of claim 18 {o the subject, wherein the subject is thereby

resistant to one or more SARS-CoV-2 strams.

26, The method of claim 25, wherein administering includes at least one of

electroporation and injection.



