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ABSTRACT 

The present invention provides both QuilA-loaded chitosan 
(QAC)-encapsulated DNA vaccine compositions and viral 
vaccine compositions that encode a SARs-CoV-2 spike (S) 
protein, a SARs-Co V-2 nucleocapsid (N) protein, or both the 
S protein and the N protein. Additionally, the present inven
tion provides methods in which the disclosed vaccines are 
administered to a subject to induce an immune response 
against SARS-CoV-2. 
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Figure 4 

a) Serum pseudovirus NAb titer 
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a) Spleen Th1 responses 

2,0 

11~ 
i 
g 
E1~ 
~ 

& 
~a54 • 

m 

OJJ L * s ❖ 4- i s 

&.. 

* .. 
'f 

d) Spleen Tc1 responses 
OJ3 

!!!. 
g 0,4 

~ 
E 
m 
8. 0,2 
~ 

$ 

•• ., 
•f 

•:;:;l 

:ii 
f 
•• 
ffi 

A 

• 
-~ 

V 

OJ) s i s i • ' t ' 

0 ~ ~ $s 
~4JJ ❖- ❖- . \Z::' 

~ ~ ~ "p P P 
'fr-v ~'ff ,jJ 

~zy r::ff q(Y 

~~ 

Figure 5 

b) Spleen co4+ r .. ceu (tl .. 13) 
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b) Lung co4+ T..ceu (IL•13) 
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Figure 10 

a) Lung C04* T-cell (IL-2) b) Lung co4+ T-.cell (IFN,.y) c) Lung C04* T-een (TNFa) 
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Figure 11 

a 

b) 



Patent Application Publication 

-""C 
(J) 
:J 
C 

-1--J 
C 
0 u -M 

M 
(J) 
I.... 

:J 
b.O 

LL 

May 26, 2022 Sheet 12 of 21 US 2022/0160822 Al 



a) 
150--· 

b 
5 100··· .a 
(Q, 

'> 
8 so 
~ ◊ 

!) 

cen viability 

1,-½ .. fl ~<:::> ~'<::! . ~<:::> ~'<::! <:::>,;;;, '<::!~. ~~ ~<:::> ~'<::! 
,;;;,❖ ~- ~❖ ')..· ~· "b· ~~- "::.'\<' ii'" <o<:::s' ¾~f::>· 

c) 

ONA amount (ug) 

Release Kinetics 

w 

(l.l 
Ill 
~ 

15 

£ 10 
f 
~ ,., 

.,..,.----------,_--• 
5-¾ f 

i 
i 

0 ...... -.....--..---.----,---.......... 
0 4 a 12 16 20 24 

Tlme(days) 

Figure 12 

b) Cellular Uptake- Luc expression 

~ 2500 
C: ::, 
8 :woo 
c:-
1;'1) 

~ :i 1500 
!-t 
·e ~ 1000 
~ 
.J 

gt 500 
~ 
& Ol I l 'I" "f" ! T 

ti-~ ~~ t::,~ ~~ ~<:::, ~t::, ~<:::, ~t::, <:::,~ t::,~ ~~ 
~- ~- ¾· "!,-· ~- 'b· IQ· ,.. - • b.· $:>· ~-

" ~)I" ·,;q· '8 "1,.,,($. 

ONA amount (ug) 

d) Stability of release-ct pONA 

-~ lWOO 
C 
::> 
g 
¢ 10-ttOO <.> ....... 
~:) 
c;:..J 

-- " i::-3 5.{H)O 

Q 

~ w 
£ 0 

ns 

• Fresh pCAG-Luc 

ift Released pCAG-tuc 

1111111111111111 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 
~ 
~ 
N 

~Cl's 

N 
0 
N 
N 

rJJ =('D 
('D ..... .... 
~ 

0 .... 
N .... 

c 
rJJ 
N 
0 
N 
N 

---0 .... 
Cl's 
0 
QO 
N 
N 

> .... 



Patent Application Publication May 26, 2022 Sheet 14 of 21 US 2022/0160822 Al 

Figure 13 

a) Unencapsulated labeHed plasmid 
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Figure 13 (Continued) 
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NEUTRALIZING VACCINES AGAINST 
HUMAN CORONAVIRUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This patent application claims the benefit of prior
ity of U.S. Provisional Patent Application No. 63/117,354, 
filed Nov. 23, 2020, which is incorporated herein by refer
ence in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention was made with govermnent support 
under project number 2019-05849 awarded by the United 
States Department of Agriculture. The govermnent has cer
tain rights in this invention. 

SEQUENCE LISTING 

[0003] This application is being filed electronically via 
EFS-Web and includes an electronically submitted Sequence 
Listing in .txt format. The .txt file contains a sequence listing 
entitled "960296_04249_ST25.txt" created on Nov. 22, 
2021 and is 38,375 bytes in size. The Sequence Listing 
contained in this .txt file is part of the specification and is 
hereby incorporated by reference herein in its entirety. 

BACKGROUND 

[0004] COVID-19 represents a significant challenge to 
public health authorities worldwide because of the speed of 
disease transmission and the lack of effective treatment or 
prevention strategies (1 ). The development of traditional 
vaccines, such as inactivated or live-attenuated vaccines, is 
time-consuming and may not meet the need for rapid 
vaccine development. For the inactivated vaccines, there are 
safety concerns such as incomplete inactivation of the 
pathogen and the need to grow large volumes of deadly 
pathogens (2). On the other hand, live-attenuated vaccines 
have been shown to induce an antibody-dependent enhance
ment effect worsening the clinical outcome of rhesus 
macaques infected with SARS-CoV (3). Other vaccination 
strategies such as subunit, RNA-based, and viral vector 
vaccines have advantages over traditional vaccines. How
ever, their use comes with many challenges. For example, 
subunit vaccines are expensive to produce due to limited 
global production capacity and typically have low immu
nogenicity (4). 
[0005] Amidst a global pandemic, there is a need for rapid 
development of vaccines. Vectored vaccines (i.e., DNA and 
viral vaccines) are advantageous because plasmids encoding 
antigens can be developed within a few days using rapid and 
inexpensive gene synthesis technologies (5). For viral vec
tored vaccines, highly efficient, scaled-up production pro
cesses have already been established, enabling their use 
during a pandemic such as COVID-19 (6). Previously, 
experimental plasmid vaccines have been developed for 
emerging infections, including SARS-CoV, SARS-CoV-2, 
MERS coronavirus (CoV), Influenza A, and Zika virus (7). 
DNA based vaccines offer several advantages over other 
technologies discussed above, including rapid vaccine pro
duction that can be scaled up within a few days on demand 
(5). Further, multiple vaccine constructs can be used 
together (8) to immunize patients effectively, offering highly 
flexible vaccination programs. Importantly, synthetic DNA 
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is temperature stable and does not need the cold chain 
needed for live attenuated or subunit vaccines, thus lowering 
the cost of vaccine administration and simplifying supply 
logistics in resource-limited countries. 
[0006] The correlates of protection against COVID-19 are 
still ambiguous. Most vaccine efforts are focused on gener
ating neutralizing antibodies, and little attention has been 
given to CD4+ and CDS+ T cell responses (13-16). Patients 
that have recovered from SARS infections had undetectable 
anti-SARS antibodies and memory B cells. However, their 
CDS+ T cells persisted many years after the infection (17, 
18). A recent study showed that the antibody level in many 
SARS-CoV-2 recovered patients declined to baseline levels 
within three months, suggesting that the vaccines relying 
solely on a neutralizing antibody response may not confer 
long-term protection against SARS-CoV-2 and other coro
naviruses (19). Thus, there remains a need in the art for 
vaccines against SARS-Co V-2 that can induce both humoral 
and cellular immune responses, as these vaccines should 
produce a more durable protective immune response. 

SUMMARY 

[0007] Vaccines directed to the spike and nucleocapsid 
proteins of SARs-CoV-2 and methods of using the same are 
provided herein. A vaccine composition including an adju
vant and a polynucleotide that encodes a SARs-Co V-2 spike 
(S) protein or portion thereof, a SARs-CoV-2 nucleocapsid 
(N) protein or portion thereof, or both the S protein and the 
N protein is provided. In one aspect, the adjuvant comprises 
disaggregated spherical nanostructures comprising Quil-A 
and chitosan, and wherein the Quil-A and chitosan are 
present at a ratio between 1: 15 and 1: 100. 
[0008] In another aspect, a vaccine composition including 
a viral vector comprising a polynucleotide encoding a 
SARs-CoV-2 spike (S) protein or portion thereof, a SARs
CoV-2 nucleocapsid (N) protein or portion thereof, or both 
the S protein and the N protein is provided. The viral vector 
may be an adenovirus, including an adeno-associated virus 
or a poxvirus such as a vaccinia virus. 
[0009] In another aspect, methods of inducing an immune 
response against SARs-Co V-2 in a subject are provided. The 
methods include administering the vaccine compositions in 
an amount effective to induce the immune response against 
at least one SARS-CoV-2 antigen in the subject. 
[0010] In a still further aspect, methods of inducing an 
immune response against a SARs-CoV-2 in a subject are 
provided. These methods may include administering a first 
vaccine composition comprising one of the vaccine compo
sitions provided here to the subject and then after a period 
of time, administering a second vaccine composition com
prising either the same or a different vaccine composition 
provided herein. The administration of the first vaccine 
composition and the second vaccine composition induces 
the immune response against at least one SARS-CoV-2 
antigen in the subject. In one embodiment the first vaccine 
composition is a DNA vaccine and the second vaccine 
composition is a viral vector-based vaccine. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 shows maps of the SARS-CoV-2 vector 
vaccine constructs expressing Sand N proteins. a) Gene map 
of pCMV plasmid expressing Truncated S (TrS) protein. b) 
Gene map of pCMV plasmid backbone expressing N pro-
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tein. c) Gene map of the MVA vaccine construct expressing 
TrS protein and cytoplasmic tail (CT) with the addition of 
C-terminal 6xHis tag. d) Gene map of the MVA construct 
expressing N protein. All gene maps were generated using 
Snap gene software. e) Western blot analysis with anti 
6xHis-HRP antibody (left) and polyclonal mouse anti
SARS-Co V-2 spike sera (right), confirming expression of S 
protein from vaccine constructs. Lanes are as follows: 
supernatant from HEK 293T cells transfected with control 
plasmid (lane 2), supernatant from HEK 293T cells trans
fected with pCMV-TrS plasmid (lanes 1 and 7), supernatant 
from CEF cells infected with MVA-TrS (lanes 3 and 6), 
control non-infected supernatant (lane 4), purified recombi
nant SARS-CoV-2 S glycoprotein (lane 5; BEI resources
NR-52396). f) Western blot analysis with anti 6xHis-HRP 
antibody from N vaccine constructs. Lanes are as follows: 
cell pellet from HEK 293T cells transfected with control 
plasmid (lane 3), cell pellet from HEK 293T cells trans
fected with pCMV-N plasmid (lane 1), and cell pellet from 
CEF cells infected with MVA-N (lane 2). 
[0012] FIG. 2 shows the generation of humoral immune 
responses in C57BL/6 mice following immunization with 
different vaccine constructs. a) Schematic depiction of the 
vaccine constructs and immunization protocol. Groups of 
C57BL/6 mice were vaccinated with 3 doses ofpQAC-CoV 
(I.N) or pQAC-CoV (I.M) separated by 3 week intervals. 
Another group of C57BL/5 mice was vaccinated with 
pQAC-CoV (I.N) at week-0 followed by a boost with 
MV A-Co V (I.N) at week-6. b) ELISA titers of SARS-Co V-2 
S-specific IgG in mice sera. c) ELISA titers of SARS-Co V-2 
spike RED-specific IgG in mice serum. d) ELISA titers of 
SARS-CoV-2 S-specific IgA in BAL. Significance(*, P<0. 
05, ****, P<0.0001) was determined by two-way ANOVA. 
Data show means±SEM. 
[0013] FIG. 3 demonstrates that the heterologous vaccine 
strategy elicits robust binding antibody responses. Groups of 
C57BL/5 mice were either not vaccinated (PBS) or immu
nized with pQAC/MVA-CoV (I.N). Serum and BAL 
samples were collected 3 weeks post boost. a) SARS-Co V-2 
spike-specific serum IgG binding endpoint titers measured 
by ELISA. b) Serial serum dilutions of IgG binding to 
SARS-CoV-2 spike protein. c) SARS-CoV-2 spike-specific 
BAL IgA binding endpoint titers measured by ELISA. d) 
Serial BAL dilutions of IgA binding to SARS-Co V-2 spike 
protein. Significance (*, P<0.05) was determined by one
way ANOVA. Data show means±SEM. 
[0014] FIG. 4 demonstrates that the heterologous vaccine 
strategy elicits robust neutralizing antibody responses. 
Groups of C57BL/6 mice were either not vaccinated (PBS) 
or immunized with pQAC/MVA-CoV (I.N). Serum and 
BAL samples were collected 3 weeks post boost. a) 50% 
serum neutralization titer of pseudovirus expressing SARS
Co V-2 spike protein. b) Serum neutralization titer of wild
type SARS-CoV-2, Isolate USA-WAl/2020. c) 50% BAL 
neutralization titer of pseudovirus expressing SARS-Co V-2 
spike protein. d) BAL neutralization titer of wild-type 
SARS-CoV-2, Isolate USA-WAl/2020. Significance (*, 
P<0.05; **, P<0.01) was determined by one-way ANOVA. 
Data show means±SEM. 
[0015] FIG. 5 shows SARS-CoV-2 spike-specific T-cell 
responses in the spleen of vaccinated C57BL/6 mice. Intra
cellular cytokine staining was performed on spleens har
vested 3 weeks after final boost to assess T-cell responses. a) 
Type 1 helper (Thi) responses (IFN-y, TNFa, or IL-2+), b) 
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Type 2 helper (Th2) responses (IL-13+), c) Type 17 helper 
(Thi 7) responses (IL-17 + ), ( d) Type 1 cytotoxic (Tc 1) 
responses (IFN-y or TNFa or IL-2+), (e) Type 2 cytotoxic 
(Tc2) responses (IL-13+), and (f) Type 17 cytotoxic (Tc17) 
responses (IL-17 +) were detected using intracellular cyto
kine staining assays for spleen T-cells in response to recom
binant SARS-CoV-2 spike stimulation. Significance(*, P<0. 
05; **, P<0.01) as compared to PBS controls was 
determined by ANOVA. Data show means±SEM. 

[0016] FIG. 6 shows SARS-CoV-2 spike-specific T-cell 
responses in the lungs of vaccinated C57BL/6 mice. Intra
cellular cytokine staining was performed on lungs harvested 
3 weeks after final boost to assess T-cell responses. a) Type 
1 helper (Thi) responses (IFN-y, TNFa, or IL-2+ ), b) Type 
2 helper (Th2) responses (IL-13+ ), c) Type 17 helper (Thi 7) 
responses (IL-17 + ), d) Type 1 cytotoxic (Tc 1) responses 
(IFN-y, TNFa, or IL-2+), e) Type 2 cytotoxic (Tc2) 
responses (IL-13+), and f) Type 17 cytotoxic (Tc17) 
responses (IL-17 +) were detected using intracellular cyto
kine staining assays for lung T-cells in response to recom
binant SARS-CoV-2 spike stimulation. Samples with lower 
numbers of live cells (<10,000) were excluded from analy
sis. Significance (*, P<0.05; **, P<0.01) as compared to 
PBS controls was determined by ANOVA. Data show 
means±SEM. 

[0017] FIG. 7 demonstrates that immunization with 
SARS-Co V-2 vaccine constructs induces polyfunctional 
T-cells. a) CD4+ IFN-y, TNFa, IL-2, and IL-17, b) CD 
4+IL-2 and IL-17, c) CDS+IFN-y, TNFa, IL-2, and IL-17 
polyfunctional T-cells detected in the spleen of vaccinated 
mice. d) CD4+IFN-y, TNFa, IL-2, andIL-17, e) CDS+IFN-y 
and TNFa, f) CDS+IFN-y, TNFa, and IL-17 polyfunctional 
T-cells detected in the lungs of vaccinated mice following 
intracellular cytokine staining assays after recombinant 
SARS-CoV-2 spike stimulation. Significance(*, P<0.05; **, 
P<0.01) as compared to PBS controls was determined by 
ANOVA. Data show means±SEM. 

[0018] FIG. 8 shows a representative gating strategy for 
flow cytometry data. All samples (spleen and lung) had the 
following common gating: a) single cells, b) lymphocyte 
gate, c) live cells, d) CD4+ and CDS+ T-cells, e) ILi 7 + cells, 
f) IL-13+ cells, g) TNFa+ cells, h) IL-2+ cells and i) IFNy+ 
cells. 

[0019] FIG. 9 shows the SARS-CoV-2 Spike specific 
type-I responses in Spleens of vaccinated C57BL/6 mice. 
Intracellular cytokine staining was performed on spleens 
harvested 3 weeks after final boost to assess T-cell 
responses. (a) IL-2+, (b) IFN-y, (c) TNFa+CD4+ T-cells and 
(d) IL-2+, (e) IFN-y, (f) TNFa+CDS+ spleen T-cells in 
response to recombinant SARS-CoV-2 Spike stimulation. 

[0020] FIG. 10 shows the SARS-CoV-2 Spike specific 
type-I responses in Lungs of vaccinated C57BL/6 mice. 
Intracellular cytokine staining was performed on lungs har
vested 3 weeks after final boost to assess T-cell responses. 
(a) IL-2+, (b) IFN-y, (c) TNFa+CD4+ T-cells and (d) IL-2+, 
(e) IFN-y, (f) TNFa+CDS+ lung T-cells in response to 
recombinant SARS-CoV-2 Spike stimulation. 

[0021] FIG. 11 Nanostructure of QAC encapsulated plas
mid DNA. Number-based DLS data (a) and Zeta potential 
(b) on QAC-SARS-CoV-2 S nanoparticles at 25° C. with 
Zetasizer software. (c) Nanoparticles ofQAC-SARS-CoV-2 
S preparation (arrows) were seen with TEM. Scale bar, 50 
nm (left) and 100 nm (right). 
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[0022] FIG. 12. QAC adjuvant system safety, release and 
delivery of DNA. (a) Viability of HEK 293T cells 72 hrs 
post addition of increasing amounts of pQAC-Luc as mea
sured using MTT assay. (b) Expression of luciferase 72 hrs 
post addition of increasing amounts of pQAC-Luc. (c) 
Sustained release kinetics of packaged DNA in vitro mea
sured at pH-7.4, 37° C. (d) Expression of Luciferase from 
released pCAG-Luc used in the release kinetics assay in 
comparison to fresh pCAG-Luc. 
[0023] FIG. 13. Efficient internalization ofQAC nanopar
ticles by 1774 cells. Cell monolayers were incubated with 
Cy3 labeled (A) unencapsulated or (B) QAC encapsulated 
particles (green) for 4 or 24 hrs and stained for actin (Alexa 
phalloidin 546, red). DAPI (blue) was used to stain the 
nucleus. Representative images were captured by LSCM. 
Scale bars=5 µm. 
[0024] FIG. 14. Generation ofhumoral immune responses 
in Kl 8-hACE2 mice following immunization with different 
vaccine constructs. (a) Outline for vaccine construct and 
immunization protocol using groups of Kl 8-hACE2 mice 
vaccinated with 2 doses of pQAC-Co V (IN) or pQAC-Co V 
(IM) with 6-week interval. Another group of K18-hACE2 
mice were vaccinated with pQAC-CoV (IN) at week-0 
followed by boost with MVA-CoV (IN) at week-6. (b) 
Serum neutralization (NAb) titer of wild-type SARS-CoV-2, 
isolate USA-WAl/2020, (c) Bronchoalveolar lavage (BAL) 
neutralization titer of wild-type SARS-CoV-2, isolate USA
WAl/2020 and (d) Serum NAb titer of wild-type SARS
CoV-2, isolate USA-WAl/2020 in comparison to UK (B.1. 
1.7) and SA (B.1.351) variants. Significance(*, p<0.05, **, 
p<0.01) was determined by two-way ANOVA. Data show 
mean±SEM. 
[0025] FIG. 15. SARS-CoV-2 Spike specific T-cell 
responses in lungs of vaccinated Kl 8-hACE2 mice. Intrac
ellular cytokine staining was performed on lungs harvested 
3 weeks after final boost to assess T-cell responses. (a) Type 
1 helper (Thi) responses (IFN-y or TNFa or IL-2+ ), (b) type 
2 helper (Th2) responses (IL-13+ ), (c) type 17 helper (Thi 7) 
responses (IL-17+ ), (d) type 1 cytotoxic (Tel) responses 
(IFN-y or TNFa or IL-2+), (e) type 2 cytotoxic (Tc2) 
responses (IL-13 + ), ( f) type 17 cytotoxic (Tc 1 7) responses 
(IL-17 +) intracellular cytokine staining assays for lung 
T-cells in response to recombinant SARS-Co V-2 spike 
stimulation. Significance (**, p<0.01) was determined by 
ANOVAcompared to PBS controls. Data show mean±SEM. 
[0026] FIG. 16. Protective efficacy of QAC based SARS
Co V-2 vaccines in K18-hACE2 mice. Three weeks follow
ing final immunization, Kl 8-hACE2 mice were intranasally 
infected with lx104 PFU ofSARS-CoV-2. (a and c) Weight 
loss and (b and d) survival outcomes in K18-hACE2 trans
genic mice. Data from follow-up trial depicted in c and d. 
Weight loss data show median with error (95% CI). 
[0027] FIG. 17. Parenteral pQAC-CoV administration 
reduces lung tissue titer. SARS-CoV-2 titers in the lungs of 
vaccinated mice at 4 (a and c) and 6 (b and d) days post 
infection (dpi). Data from follow-up trial depicted inc and 
d. Significance(**, p<0.01; ***, p<0.001; ****, p<0.0001) 
or non-significance (ns) was determined by ANOVA com
pared to PBS controls (a and b) or student's t test (c and d). 
Data show mean±SEM. 
[0028] FIG. 18. Parenteral pQAC-CoV administration 
prevents viral spread to the brain. SARS-CoV-2 titers in the 
brains of vaccinated mice at 4 ( a and c) and 6 (b and d) days 
post infection (dpi). Viral titers measured using SARS-
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CoV-2 specific qRT-PCR (a and b) or infectious assay using 
VERO E6 cells ( c and d). Data from follow-up trial depicted 
inc and d. Significance (**, p<0.01; ***, p<0.001; ****, 
p<0.0001) or nonsignificance (ns) was determined by 
ANOVA compared to PBS controls (a and b) or student's t 
test (c and d). Data show mean±SEM. 
[0029] FIG. 19. Histopathologic analysis of SARS-CoV-2 
infection in K18-hACE2 transgenic mice immunized with 
QAC based vaccines. Histology of fixed lung tissues, 6 days 
after SARS-CoV-2 infection. H&E-stained tissues (n=5 per 
group). Representative images of SARS-CoV-2-infected 
mice that received (a) PBS, (b) pQAC-CoV (IN), (c) pQAC
CoV (IM) or (d) pQAC/MVA-CoV (IN). Interstitial lung 
disease was reduced in the pQAC-Co V (IM). Scale bar, 252 
µm. (e-f) Histopathologic scoring of lung tissues. Tissues 
from all four groups were ordinally scored for perivascular 
infiltrates, and interstitial lung disease. Error bars represent 
the SEM. *P<0.05 and **P<0.01, one-way ANOVA. 

DETAILED DESCRIPTION 

[0030] The present invention provides both DNA vaccine 
compositions and viral vaccine compositions encoding a 
SARs-CoV-2 spike (S) protein, a SARs-CoV-2 nucleocapsid 
(N) protein, or both the S protein and the N protein or 
portions of at least one of these proteins. Further, the present 
invention provides methods in which the disclosed vaccines 
are administered to a subject to induce an immune response 
against SARS-CoV-2. 
[0031] In the Examples, the inventors demonstrate that a 
novel heterologous vaccination strategy elicits robust immu
nity against SARS-CoV-2, inducing both humoral and cel
lular immune responses. Their strategy utilizes a QuilA
loaded chitosan (QAC)-encapsulated plasmid DNA (pQAC) 
vaccine to prime the immune system, followed by a modi
fied vaccinia Ankara (MVA) vaccine boost. Both the pQAC 
plasmids (pQAC-CoV) and MVA vector (MVA-CoV) were 
designed to express spike (S) and nucleocapsid (N) antigens 
derived from a strain of SARS-Co V-2 from the early phase 
of the COVID-19 pandemic. This prime/boost (PB) strategy 
is referred to herein as either "pQAC/MVA-CoV" or "the 
heterologous vaccine." The inventors' results indicate that 
intranasal administration of pQAC/MVA-CoV induces 
robust systemic and local neutralizing antibodies in mice. 
Importantly, the humoral responses of these mice were 
complemented by the induction of localized Thi 7 cellular 
responses. In addition, mice that were vaccinated with three 
doses of only plasmid vector (pQAC-Co V) via either the 
intranasal or the intramuscular route generated robust type 1 
and type 17 (Tel 7 or Thi 7) cellular responses. Importantly, 
while the heterologous vaccine generated a robust immune 
response, it did not produce danger signals indicative of a 
cytokine storm, suggesting that it could be relatively safe. 

Compositions: 

[0032] In a first aspect, the present invention provides 
DNA vaccine compositions. These vaccine compositions 
comprise an adjuvant and a polynucleotide that encodes a 
SARs-CoV-2 spike (S) protein, a SARs-CoV-2 nucleocapsid 
(N) protein, or both the S protein and the N protein. The 
proteins need not be full length proteins. As shown in the 
examples, a portion of the S protein truncated to not 
included the transmembrane portion of the protein and only 
include the extracellular portion was sufficient to elicit an 
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immune response. The adjuvant used in the Examples com
prises disaggregated spherical nanostructures comprising 
Quil-A and chitosan, which are present at a ratio between 
1:15 and 1:100. 

[0033] As used herein, the terms "DNA vaccine," "nucleic 
acid vaccine," and "plasmid vaccine" are used interchange
ably refer to a polynucleotide encoding at least one antigen. 
Following immunization, a subject's cells take up the poly
nucleotide and express the encoded antigen from it, inducing 
an immune response against the antigen. DNA vaccines offer 
several potential advantages over traditional vaccine strat
egies, including the stimulation of both B- and T-cell 
responses, improved storage stability, the absence of any 
infectious agent, and the relative ease of large-scale manu
facture. However, DNA vaccines also come with several 
challenges, including in vivo degradation of the construct by 
DNases, inefficient uptake by antigen presenting cells, and 
low immunogenicity (9, 10). The inventors envision that the 
use of articulate delivery systems, such as Qui!A-loaded 
Chitosan (QAC) nanoparticles used with the present inven
tion, may overcome these challenges by facilitating a pro
longed release of active plasmid (11). Nucleic acid-based 
vaccines generally contain additional elements in addition to 
the polynucleotide encoding the antigen such as a promoter 
functional in cells of the subject to be immunized, or may be 
altered to offer increased stability or resistance to degrada
tion in the host cell. 

[0034] As used herein, "antigen" refers to a substance that 
induces a targeted immune response in a subject. For 
example, in some embodiments, the compositions disclosed 
herein comprise one or more polynucleotides that encode a 
SARS-CoV-2 spike (S) protein, a SARS-CoV-2 nucleo
capsid (N) protein, or both the S protein and the N protein. 
Therefore, in the foregoing example, the antigens are the 
SARS-CoV-2 Sand N proteins that are encoded by the one 
or more polynucleotides. In some embodiments, the S 
proteins are encoded by one or more of the group consisting 
of SEQ ID NOs:1 and 3. The S proteins encoded by these 
polynucleotides are provided as SEQ ID NOs: 2 and 4, 
respectively and any polynucleotide encoding SEQ ID NO: 
2 or 4 is included as the coding sequence for the proteins 
may be optimized for expression in particular cell types. In 
some embodiments, the N proteins are encoded by SEQ ID 
NO: 5. The N proteins encoded by this polynucleotide are 
provided as SEQ ID NO: 6 and any polynucleotide encoding 
SEQ ID NO: 6 is also encompassed herein. The polynucle
otides provided herein may be altered to optimize codon 
usage for maximal expression in a particular host such as a 
human subject. Thus, the sequences provided herein also 
include sequences with 70%, 75%, 80%, 85%, 90%, 92%, 
94%, 95%, 96%, 97%, 98%, or 99% identity to the 
sequences of SEQ ID NO: 1, 3 or 5. The proteins encoded 
by the polynucleotides may also encompass changes espe
cially as these proteins are known to exist in various 
isoforms and be antigenically diverse in strains or variants of 
SARS-CoV-2. The sequences provided herein also include 
sequences with 70%, 75%, 80%, 85%, 90%, 92%, 94%, 
95%, 96%, 97%, 98%, or 99% identity to the amino acid 
sequences of SEQ ID NO: 2, 4 or 6. In some embodiments, 
the polynucleotide encodes both the S and N proteins on a 
single molecule. As such, in some embodiments, the poly
nucleotide comprises sequences linking the S and N pro
teins. The N and S sequences may be linked via a poly
nucleotide of any length but should be in frame or contain 
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independent regulatory regions such as an internal ribosome 
entry site to allow for expression of both proteins from the 
polynucleotide. 
[0035] As used herein, a "fragment" is a portion of an 
amino acid sequence which is identical in sequence to, but 
shorter in length than a reference sequence. A fragment may 
comprise up to the entire length of the reference sequence, 
minus at least one amino acid residue. For example, a 
fragment may comprise from 5 to 1000 contiguous amino 
acid residues of a reference polypeptide, respectively. In 
some embodiments, a fragment may comprise at least 5, 10, 
15, 20,25, 30, 40, 50, 60, 70, 80, 90,100,150,250, or500 
contiguous amino acid residues of a reference polypeptide. 
Fragments may be preferentially selected from certain 
regions of a molecule. A fragment may include an N-termi
nal truncation, a C-terminal truncation, or both N-terminal 
and C-terminal truncations relative to the full-length refer
ence polypeptide. The truncated S included here is an 
example of a fragment and lacks the transmembrane domain 
of the S protein to allow for better expression and soluble 
fragments of S protein to be generated. 
[0036] The term "recombinant" when used with reference, 
e.g., to a cell, or nucleic acid, protein, expression cassette, or 
vector, indicates that the cell, nucleic acid, protein, expres
sion cassette, or vector, has been modified by the introduc
tion of a heterologous nucleic acid or protein or the altera
tion of a native nucleic acid or protein, or that the cell is 
derived from a cell so modified. Thus, for example, recom
binant cells express genes that are not found within the 
native (non-recombinant) form of the cell or express native 
genes that are otherwise abnormally expressed, under-ex
pressed, or not expressed at all. 
[0037] The polynucleotide vaccine compositions provided 
herein may be DNA or RNA and may include regulatory 
regions to allow for transcription and/or translation of the 
polynucleotides into polypeptides once in a cell of a vacci
nated subject. The polynucleotides may be operably linked 
to promoters functional in cells of the vaccinated subject. 
The polynucleotides may be altered to allow for resistance 
to nucleases. 
[0038] However, as discussed above, DNA vaccines can 
suffer from several drawbacks including in vivo degradation 
of the construct by DNases, inefficient uptake by antigen 
presenting cells, and low immunogenicity. In some embodi
ments, the vaccine composition further comprises an adju
vant. As used herein, the term "adjuvant" or "vaccine 
adjuvant" refers to any substance that non-specifically 
enhances the immune response to an antigen. The adjuvant 
used with the vaccine compositions disclosed herein in the 
Examples is a Quil-A chitosan (QAC) complex, in which 
Quil-A and chitosan are combined to form distinct disag
gregated spherical nanostructures. The QAC complexes are 
loaded with one or more payload molecules (in this case, the 
antigen-encoding polynucleotide) with which the QAC 
complex stimulates an immune response. The QAC complex 
adjuvant was previously described in International Applica
tion No. PCT/US2020/037438 (International Publication 
No. WO2020/252263), and Chandrasekar et al. 2020 A 
Novel Mucosa! Adjuvant System for Immunization Against 
Avian Coronavirus Causing Infectious Bronchitis J Viral 
94:e01016-20, which are both hereby incorporated by ref
erence in their entirety. Advantageously, QAC-adjuvanted 
vaccines appear to target local mucosa! immunity, which 
should result in a more effective immune response to SARS-
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Co V-2 given that airway epithelium T cells and IgA humoral 
responses have been shown to be critical for restricting 
respiratory viral pathogens like SARS- and MERS-CoV 
(12). 
[0039] "Quil-A" refers to the powdered saponin fraction 
isolated from extract of the bark of Quillaja saponaria trees. 
Quil-A is commercially available, for example from Desert 
King sold under the product name Vet-Sap™. 
[0040] "Chitosan" refers to a linear polysaccharide com
posed of randomly distributed ~-linked D-glucosamine and 
N-acetyl-D-glucosamine. Chitosan can be obtained from the 
chitin shells of shrimp and other crustaceans by treatment of 
the shells with an alkaline substance. Chitosan is a non
toxic, naturally occurring cationic polymer that readily com
plexes with DNA and negatively charged proteins. Chitosan 
is biocompatible and biodegradable. Compositions incorpo
rating chitosan have sustained release kinetics and are 
immunomodulary, enhancing the T-cell response. In some 
embodiments, chitosan is deacetylated chitosan, for example 
deacetylated chitosan (>75%). Deacetylated chitosan is 
available commercially from Sigma (C3646). Higher 
deacetylation percentages, for example about 90%, will 
meditate stronger binding with nucleic acids resulting in 
slower release kinetics from the nanoparticle structures of 
the QAC complex. In some embodiments, the chitosan is at 
least 70%, 75%, 80%, 85%, 90%, or 95% deacetylated. In 
some embodiments, the chitosan is between about 60% and 
about 90% deacetylated. 
[0041] In some embodiments, the chitosan is functional
ized. Chitosan may be functionalized with negatively 
charged sulfonate groups by reaction of the amino group of 
chitosan with 5-formyl-2-furan sulfonic acid (FFSA) fol
lowed by treatment using sodium borohydride to form a 
negatively charged chitosan surface. Use of the negatively 
charged chitosan in the formation of the QAC complex will 
generally be favorable for loading of positively charged 
payload molecules. 
[0042] The QAC complex is loaded with the antigen
encoding polynucleotide by mixing a solution of Quil-A and 
polynucleotide into a solution of chitosan to form a final 
mixed solution containing a QAC-polynucleotide complex. 
In the final mixed solution, the Quil-A and the chitosan are 
present at a ratio of between 1: 15 to 1: 100. In some 
embodiments, the Quil-A and the chitosan are present at a 
ratio of about 1:20 (e.g., 1:15, 1:16, 1:17, 1:18, 1:19, 1:20, 
1:21, 1:22, 1:23, 1:24, or 1:25) in the final mixed solution. 
In some embodiments, in the final solution Quil-A is at a 
concentration of 0.001 % and chitosan is at a concentration 
between about 0.02% and about 0.1 %. 
[0043] The QAC complex nanostructures are less 100 nm 
in diameter when measured in the absence of any payload 
molecules. For example, the nanostructures may be between 
about 5 nm and about 100 nm, between about 10 nm and 
about 95 nm, between about 15 nm an about 90 nm, between 
about 20 nm and about 90 nm, or between about 25 nm and 
about 85 nm in the absence of a payload molecule. The QAC 
complex may be loaded with one or more payload molecules 
such as the polynucleotides described herein encoding a 
SARs-CoV-2 spike (S) protein, a SARs-CoV-2 nucleocapsid 
(N) protein, or both the S protein and the N protein. The 
nucleotide-QAC complex may be between about 20 nm and 
about 1000 nm in diameter. The specific size of the nucleo
tide-QAC complex will vary depending on the size and 
amount of payload in the nanostructure. As used herein, 
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"disaggregated," refers to the formation of discrete observ
able particles as opposed to aggregated non-discrete assem
blies with non-distinct boundaries and "spherical" means 
roughly spherical in nature and is not meant to be a precise 
definition of the structure. 
[0044] Though the QAC adjuvant strategy significantly 
improves the immunogenicity and protective immune 
response generated by the DNA vaccine compositions of the 
current disclosure, the inventors hypothesized that a heter
ologous vaccine approach may further increase the effec
tiveness of the compositions. As used herein, "heterologous 
vaccine approach" refers to practice of inducing a first 
immune response with a first vaccine composition, then 
inducing a second immune response with a second different 
vaccine composition. Accordingly, a "heterologous vaccine" 
may also refer to the "second different vaccine composition" 
in the preceding example. 
[0045] In a second aspect, the present invention provides 
viral vaccine compositions. These vaccine compositions 
comprise a viral vector that comprises a polynucleotide 
encoding a SARs-CoV-2 spike (S) protein, a SARs-CoV-2 
nucleocapsid (N) protein, or both the S protein and the N 
protein or portions thereof. The antigens and polynucle
otides encoding the antigens as described above for the 
polynucleotide-based vaccine vector may also be incorpo
rated into the viral vaccine compositions described herein. 
[0046] As used herein, a "viral vector" refers to a virus or 
viral particle that comprises a polynucleotide encoding at 
least one antigen. The viral vector delivers the polynucle
otide into a vaccinated subject's cells. Within the cell, the 
polynucleotide is transcribed and translated, producing the 
encoded antigen and inducing an immune response against 
it. The viral vectors of the present invention are "recombi
nant viruses," in which foreign genetic material encoding an 
antigenic protein (i.e., from SARS-Co V-2) has been inserted 
into the viral genome. 
[0047] The viral vectors may be a weakened or killed 
version of a virus. For example, the viral vector can be based 
on an attenuated virus, which does not replicate or exhibits 
very little replication in a host but is able to introduce and 
express a foreign gene in infected cells. As used herein, an 
"attenuated virus" is a strain of a virus whose pathogenicity 
has been reduced compared to its natural counterpart. A 
virus may be attenuated using serial passaging, plaque 
purification, or other means. 
[0048] In some embodiments, the viral vector is selected 
from an adeno-associated virus or a poxvirus. Suitable 
poxviruses for use with the present invention include, with
out limitation, canary poxvirus, raccoon poxvirus, vaccinia 
virus, fowl poxvirus and myxoma virus (MYXV). Poxvi
ruses are a preferred choice for transferring genetic material 
into new hosts due to their relatively large genome size 
(approximately 150-200 kb) and because of their ability to 
replicate in the infected cell's cytoplasm rather than the 
nucleus, thereby minimizing the risk of integrating genetic 
material into the genome of the host cell. Of the poxviruses, 
the vaccinia and variola species are the two best known. 
Vaccinia virus is highly immunogenic, provoking strong 
B-cell (humoral) and T-cell mediated immune responses 
against its encoded gene products. Of these viruses, the 
modified vaccinia virus Ankara (MVA) is particularly safe, 
as it has diminished virulence while maintaining good 
immunogenicity. Thus, in preferred embodiments, the viral 
vector is a modified vaccinia Ankara (MVA) virus. Exem-
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plary MVA virus strains include MVA 572, MVA 575, and 
MVA-BN, which have been deposited at the European 
Collection of Animal Cell Cultures (ECACC), Salisbury 
(UK) with the deposition numbers ECACC V94012707, 
ECACC V00120707 and ECACC V00083008, respectively, 
and are described in U.S. Pat. Nos. 7,094,412 and 7,189,536. 

[0049] Both the DNA vaccine compositions and the viral 
vaccine compositions of the present invention comprise a 
polynucleotide encoding a SARs-CoV-2 spike (S) protein, a 
SARs-Co V-2 nucleocapsid (N) protein, or both the S protein 
and the N protein. The S protein is a surface-exposed protein 
that mediates SARS-Co V-2 entry into cells via its interaction 
with the ACE2 receptor, while the N protein is a multifunc
tional RNA-binding protein necessary for viral RNA tran
scription and replication. Both of these proteins are prom-
1smg targets for SARS-CoV-2 vaccines. In some 
embodiments, the vaccines encode a full-length S protein 
(nucleotide sequence: SEQ ID NO:1; amino acid sequence: 
SEQ ID NO:2). However, the inventors have determined 
that removing the transmembrane domain of this protein 
makes it easier to express by enabling secretion of S protein 
needed for a robust humoral response. Thus, in other 
embodiments, the vaccines encode a truncated S protein 
lacking the transmembrane domain (TrS; nucleotide 
sequence: SEQ ID NO:3; amino acid sequence: SEQ ID 
NO:4). In some embodiments, vaccines encode the full
length N protein (nucleotide sequence: SEQ ID NO:5; 
amino acid sequence: SEQ ID NO:6). The nucleotide 
sequences presented herein for the TrS and N proteins are 
modified from the native sequences to optimize the codon 
usage for human expression. Thus SEQ ID NO: 3 and SEQ 
ID NO: 5 represent non-native nucleotide sequences for the 
TrS and N proteins, respectively. 

[0050] In the Examples, the inventors immunized mice 
with vaccines that expressed both the truncated S protein 
and the full-length N protein. Inclusion of both N and S 
proteins elicits a well-rounded immune response with induc
tion of both humoral (S protein) and cell-mediated immune 
responses (S and N protein). Thus, in some embodiments, 
the polynucleotide encodes both the S protein and the N 
protein, and in some embodiments, the polynucleotide com
prises both SEQ ID NO:3 and SEQ ID NO:5 (i.e., the 
sequences encoding the truncated S protein and the full
length N-protein, respectively). In the vaccine compositions 
these polynucleotides may be operably linked to promoters 
functional in the targeted cells such that when the vaccine 
composition gains entry into a cell the polynucleotides 
express the proteins of SEQ ID NO: 2, 4 or 6. The proteins 
may also be present on the viral vaccine compositions. 
SARS-CoV-2 variants have already been identified and 
these variants are also encompassed. The vaccine composi
tions may include polynucleotides having 85%, 90%, 92%, 
94%, 95%, 96%, 97%, 98% or 99% identity to SEQ ID NO: 
1, 3 and 5. The vaccine compositions may include or having 
polynucleotides encoding for proteins having 85%, 90%, 
92%, 94%, 95%, 96%, 97%, 98% or 99% identity to SEQ ID 
NO: 2, 4 and 6. 

[0051] The vaccine compositions of the present invention 
may be used as a prophylactic, e.g., to prevent or ameliorate 
the effects of a future infection by SARS-CoV-2, or may be 
used as a therapeutic, e.g., to treat COVID-19. The vaccines 
provided herein are expected to induce and enhance the 
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immune response of the subject to SARS-CoV-2. The 
immune response enhanced is suitably a polyfunctional 
response. 
[0052] The vaccine compos1t10ns may further comprise 
other suitable agents or ingredients. Suitable agents may 
include a suitable carrier or vehicle for delivery. As used 
herein, the term "carrier" refers to a pharmaceutically 
acceptable solid or liquid filler, diluent or encapsulating 
material. A water-containing liquid carrier can contain phar
maceutically acceptable additives such as acidifying agents, 
alkalizing agents, antimicrobial preservatives, antioxidants, 
buffering agents, chelating agents, complexing agents, solu
bilizing agents, humectants, solvents, suspending and/or 
viscosity-increasing agents, tonicity agents, wetting agents 
or other biocompatible materials. A tabulation of ingredients 
listed by the above categories may be found in the U.S. 
Pharmacopeia National Formulary, 1857-1859, (1990). 
[0053] The vaccine formulation may be separated into 
vials or other suitable containers. The vaccine formulation 
herein described may then be packaged in individual or 
multi-dose ampoules or be subsequently lyophilized (freeze
dried) before packaging in individual or multi-dose 
ampoules. The vaccine formulation herein contemplated 
also includes the lyophilized version. The lyophilized vac
cine formulation may be stored for extended periods of time 
without loss of viability at ambient temperatures. The lyo
philized vaccine may be reconstituted by the end user and 
administered to a patient. 

Methods: 

[0054] The present invention also provides methods of 
inducing an immune response against SARs-CoV-2 in a 
subject. The methods comprise administering one of the 
nucleic acid-adjuvant vaccine compositions or viral vaccine 
compositions disclosed herein in an amount effective to 
induce the immune response against at least one SARS
Co V-2 antigen in the subject. 
[0055] In the present methods, the vaccine compositions 
may be administered to the subject by an oral, oronasal, 
intranasal, parenteral or intramuscular route. Currently, most 
experimental DNA vaccines are only amenable for intra
muscular administration, which produces only limited 
mucosa! immunity. However, the inventors envision that 
mucosa! vaccination strategies (i.e., intranasal vaccinations) 
may be more effective against COVID-19, as local mucosa! 
immune responses have been shown to be critical for 
restricting other respiratory viral pathogens like SARS, 
MERS CoV, etc. (22, 23, 29, 30). Intranasal administration 
offers several additional advantages, e.g., it is noninvasive, 
causes little discomfort to patients, and can be performed by 
someone with minimal training. While intranasal vaccina
tions can be challenging, owing to the low bioavailability, 
antigen uptake, and antigen degradation at mucosa! surfaces 
(31, 32), the inventors believe that inclusion of the QAC 
complex adjuvant with an intranasal vaccine will circumvent 
some of these challenges (11). Intranasal administrations 
also mediate robust induction of local mucosa! responses 
that are important for controlling respiratory pathogens. 
Thus, in some embodiments, the administration is by an 
intranasal route. In other embodiments, the administration is 
by an intramuscular route. 
[0056] As used herein, "subject" refers to mammals and 
non-m=als. A "m=al" may be any member of the 
class Mammalia including, but not limited to, humans, 
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non-human primates (e.g., chimpanzees, other apes, and 
monkey species), farm animals (e.g., cattle, horses, sheep, 
goats, and swine), domestic animals (e.g., rabbits, dogs, and 
cats), or laboratory animals including rodents (e.g., rats, 
mice, and guinea pigs). Examples of non-mammals include, 
but are not limited to, birds, such as chickens and other 
poultry. The term "subject" does not denote a particular age 
or sex. In one embodiment, the subject is a human. In a 
preferred embodiment, the human is at risk of being infected 
with SARs-CoV-2. 
[0057] The phrase "amount effective to induce the 
immune response," as used herein, refers to an amount of a 
vaccine composition that would induce a humoral immune 
response against at least one SARS-CoV-2 antigen (e.g., the 
spike or nucleocapsid protein encoded by the disclosed 
vaccines) and suitably also induces a polyfunctional T cell 
response as well. Humoral immunity or cell mediated immu
nity or both humoral and cell mediated immunity may be 
induced. The immunogenic response of an animal to a 
vaccine may be evaluated, e.g., indirectly through measure
ment of antibody titers, lymphocyte proliferation assays, or 
directly through monitoring signs and symptoms after chal
lenge with the virus. The protective immunity conferred by 
a vaccine may also be evaluated by measuring, e.g., clinical 
signs such as mortality, morbidity, temperature, overall 
physical condition, overall health, weight of the subject, and 
the performance of the subject. The amount of a vaccine that 
is therapeutically effective may vary depending on the 
particular strain of virus used, the antigen used in the 
vaccine, the species of the subject, the condition of the 
subject (e.g., age, body weight, gender, health), and should 
be determined by a physician. The therapeutically effective 
amount may be administered in one or more doses and is 
preferably in the range of about 0.01-10 mL, most preferably 
0.05-1 mL, containing 1-200 micrograms, most preferably 
1-100 micrograms of vaccine formulation/dose. 
[0058] In another aspect, the present invention provides 
methods of inducing an immune response against a SARs
Co V-2 in a subject using a heterologous immunization 
strategy. The methods comprise (a) administering a first 
vaccine composition comprising one of the DNA vaccine 
compositions or viral vaccine compositions disclosed 
herein, and (b) administering a second vaccine composition 
comprising one of the DNA vaccine compositions or viral 
vaccine compositions disclosed herein, wherein administra
tion of the first vaccine composition and the second vaccine 
composition induces the immune response against at least 
one SARS-CoV-2 antigen in the subject. 
[0059] In some embodiments, administration of the sec
ond vaccine composition occurs at least three weeks after 
administration of the first vaccine composition. However, in 
the Examples the inventors detected the greatest immune 
response when the viral vaccine was administered six weeks 
after the QAC-adjuvanted DNA vaccine. Thus, in some 
embodiments, administration of the second vaccine compo
sition occurs at least six weeks after administration of the 
first vaccine composition. A hallmark of the QAC adjuvant 
system is slow-release of payload with continual priming of 
the immune system. We hypothesize that release of DNA 
payload can be sustained up to six weeks after which another 
immunization will further boost immune responses. 
[0060] In some embodiments, both the first vaccine com
position and the second vaccine composition are DNA 
vaccine compositions disclosed herein. In other embodi-
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ments, the first vaccine compos1t10n is a DNA vaccine 
composition disclosed herein and the second vaccine com
position is a viral vaccine composition disclosed herein. The 
DNA/DNA vaccine resulted in the induction of robust local 
CDS+ T-cells that secrete IFNy, TNFa or IL-2 without a 
complementing humoral response. On the other hand, the 
DNA/MVA vaccine resulted in the induction of both local 
and systemic T-cell (Thi 7) and humoral responses. The 
distinct type of immune response induced by the DNA 
vaccine followed by the viral vectored vaccine was unex
pected and suggests this form of vaccination may have 
advantages in limiting spread of the virus from lungs to other 
sequelae of infection. 
[0061] In the heterologous immunization methods, the two 
vaccines may be administered by an intranasal route or by an 
intramuscular route. Specifically, in some embodiments, 
both the first vaccine composition and the second vaccine 
composition are administered by an intranasal route. In other 
embodiments, both the first vaccine composition and the 
second vaccine composition are administered by an intra
muscular route. In other embodiments, the first vaccine 
composition is administered by an intranasal route and the 
second vaccine composition is administered by an intramus
cular route. In other embodiments, the first vaccine compo
sition is administered by an intramuscular route and the 
second vaccine composition is administered by an intranasal 
route. As shown in the examples, some routes or combina
tions of routes of infection resulted in changes in immune 
responsiveness and may be recommended for distinct popu
lations of subjects. 
[0062] The present disclosure is not limited to the specific 
details of construction, arrangement of components, or 
method steps set forth herein. The compositions and meth
ods disclosed herein are capable of being made, practiced, 
used, carried out and/or formed in various ways that will be 
apparent to one of skill in the art in light of the disclosure 
that follows. The phraseology and terminology used herein 
is for the purpose of description only and should not be 
regarded as limiting to the scope of the claims. Ordinal 
indicators, such as first, second, and third, as used in the 
description and the claims to refer to various structures or 
method steps, are not meant to be construed to indicate any 
specific structures or steps, or any particular order or con
figuration to such structures or steps. All methods described 
herein can be performed in any suitable order unless other
wise indicated herein or otherwise clearly contradicted by 
context. The use of any and all examples, or exemplary 
language ( e.g., "such as") provided herein, is intended 
merely to facilitate the disclosure and does not imply any 
limitation on the scope of the disclosure unless otherwise 
claimed. No language in the specification, and no structures 
shown in the drawings, should be construed as indicating 
that any non-claimed element is essential to the practice of 
the disclosed subject matter. The use herein of the terms 
"including," "comprising," or "having," and variations 
thereof, is meant to encompass the elements listed thereafter 
and equivalents thereof, as well as additional elements. 
Embodiments recited as "including," "comprising," or "hav
ing" certain elements are also contemplated as "consisting 
essentially of' and "consisting of' those certain elements. 

[0063] Recitation of ranges of values herein are merely 
intended to serve as a shorthand method of referring indi
vidually to each separate value falling within the range, 
unless otherwise indicated herein, and each separate value is 
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incorporated into the specification as if it were individually 
recited herein. For example, if a concentration range is 
stated as 1 % to 50%, it is intended that values such as 2% 
to 40%, 10% to 30%, or 1 % to 3%, etc., are expressly 
enumerated in this specification. These are only examples of 
what is specifically intended, and all possible combinations 
of numerical values between and including the lowest value 
and the highest value enumerated are to be considered to be 
expressly stated in this disclosure. Use of the word "about" 
to describe a particular recited amount or range of amounts 
is meant to indicate that values very near to the recited 
amount are included in that amount, such as values that 
could or naturally would be accounted for due to manufac
turing tolerances, instrument and human error in forming 
measurements, and the like. All percentages referring to 
amounts are by weight unless indicated otherwise. 
[0064] No admission is made that any reference, including 
any non-patent or patent document cited in this specifica
tion, constitutes prior art. In particular, it will be understood 
that, unless otherwise stated, reference to any document 
herein does not constitute an admission that any of these 
documents forms part of the common general knowledge in 
the art in the United States or in any other country. Any 
discussion of the references states what their authors assert, 
and the applicant reserves the right to challenge the accuracy 
and pertinence of any of the documents cited herein. All 
references cited herein are fully incorporated by reference, 
unless explicitly indicated otherwise. The present disclosure 
shall control in the event there are any disparities between 
any definitions and/or description found in the cited refer
ences. 
[0065] The following examples are meant only to be 
illustrative and are not meant as limitations on the scope of 
the invention or of the appended claims. 

EXAMPLES 

[0066] The rapid transmission of SARS-CoV-2 in the 
USA and Worldwide necessitates the development of mul
tiple vaccines to combat the COVID-19 global pandemic. 
Previously, we showed that a novel adjuvant system, QuilA
loaded Chitosan (QAC) nanoparticles, can elicit robust 
immunity combined with plasmid vaccines when used 
against avian coronavirus. Here, we report a prime/boost 
immunization using a plasmid vaccine and a modified 
vaccinia Ankara (MV A) expressing the SARS-Co V-2 Spike 
(S) and Nucleocapsid (N) antigens. Only the heterologous 
intranasal immunization strategy elicited robust neutralizing 
antibodies against SARS-CoV-2 in serum and bronchoal
veolar lavage of mice, suggesting a protective vaccine. The 
same prime/boost strategy led to the induction of type 1 and 
type 17 T-cell responses and polyfunctional T-cells express
ing multiple type 1 cytokines (e.g., IFN-y, TNFa, IL-2) in 
the lungs and spleens of vaccinated mice. The outcomes of 
this study support further development of QAC-nano vac
cines to control the COVID-19 pandemic. 

Example 1 

Materials and Methods: 

[0067] Ethics Statement 

[0068] All animals used in this study were cared for per 
established guidelines and experimental protocols approved 

8 
May 26, 2022 

by the Institutional Animal Care and Use Committee (IA
CUC) of the University of Wisconsin-Madison. 
[0069] Cell Lines 
[0070] HEK 293T and Vero E6 cells were a kind gift from 
Dr. Jorge Osorio. Chicken Embryonic Fibroblasts (CEF) 
were prepared from 9-day-old specific pathogen-free (SPF) 
white leghorn eggs (Charles River Laboratories, Inc., WA, 
USA) as described previously (47). Human Embryonic 
Kidney Cells (HEK-293T) expressing human angiotensin
converting enzyme 2 (ACE2), HEK-293T-hACE2 Cell Line, 
NR-52511 was obtained through BEI Resources, NIAID, 
NIH. All cells were maintained in DMEM supplemented 
with 10% fetal bovine serum (FBS) and penicillin-strepto
mycin (Dl0) at 37° C., 5% CO2 atmosphere. 
[0071] Preparation of SARS-CoV-2 Vaccine Constructs 
[0072] Sequences for the SARS-CoV-2 spike (S) and 
nucleocapsid (N) genes were downloaded (GenBank acces
sion number MN908947), back-translated, and codon-opti
mized for expression in mice. DNA fragments encoding 
truncated S with the trans-membrane domain deleted (TrS) 
and N antigens were commercially synthesized and cloned 
into a pCMV backbone expression vector with a C-terminus 
6xHis tag (Twist Bioscience, CA, USA). To confirm the 
insertion of genes in the correct orientation, DNA sequenc
ing was performed at the UW-Madison Biotechnology Cen
ter with an ABI Prism 3730XL DNA analyzer using BigDye 
terminators (Applied Biosystems, CA). To confirm the 
expression ofTrS and N proteins, HEK 293T cells seeded in 
6-well format were transfected with an optimized ratio of 
DNA (3 ug): FuGENE HD (9 µl) according to manufactur
er's instructions (Promega, WI, USA). Three days post
transfection, cells, and supernatant (separately) were har
vested for western blot analysis. The MV A expressing N and 
TrS constructs were generated in CEF cells as described 
previously ( 48). The cell and supernatant fractions were 
boiled in Laemmli sample buffer (BioRad, Hercules, Calif., 
USA) and resolved on a 4-20% SDS-PAGE gel by electro
phoresis using a Mini-PROTEAN 3 system (BIO-RAD, 
CA). Polyacrylamide gels were electroblotted onto nitrocel
lulose membranes using a Turboblot® system. Membranes 
were blocked in 5% (WN) skim milk and probed with 
Direct-Blot™ HRP anti-6-His Epitope Tag Antibody (Bi
oLegend, #906109) or polyclonal mouse anti-SARS-CoV-2 
spike sera harvested from one pQAC/MV A-Co V immunized 
C57BL/6 mouse three weeks post final boost. Membranes 
were developed using a solid phase 3, 30, 5, 50-tetrameth
ylbenzidine (TMB) substrate system. Plasmid loaded QAC 
particles were synthesized as described previously (11). 
[0073] Vaccine Efficacy Study 
[0074] The immunogenicity of the experimental vaccine 
constructs was evaluated in C57BL/6 mice (6 weeks of age) 
obtained from Taconic Inc. and maintained in bio-safety 
level-2 containment. At every indicated time point, mice 
were concurrently immunized with MVA or pQAC TrS and 
N constructs. A total of 50 mice were divided equally into 
five groups (n=l0 each). Groups of mice were either unvac
cinated (PBS), immunized with pQAC-CoV (I.M), or immu
nized with pQAC-CoV (I.N) at week-0, week-3, and week-
6. Another group of C57BL/5 mice was vaccinated with 
pQAC-CoV (I.N) at week-0, followed by a boost with 
MVA-Co V (I.N) at week-6. A vaccine dose of75 µg/plasmid 
DNA construct/animal, and 108 pfu/MVA construct/animal 
was administered at each immunization time point. Sera for 
ELISA and neutralizing antibody titers were harvested from 
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blood collected at week-6 and -9. At week-6, three weeks 
post first boost, and at week-9, three weeks post final boost, 
mice (n=5 each time-point) were euthanized, BAL was 
collected in Dl0 media as previously described (49), and 
lungs and spleen were harvested and processed for ICS 
assay as described below. 
[0075] SARS-CoV-2 Specific ELISA 
[0076] Sera and BAL from different timepoints were 
screened for humoral response against SARS-CoV-2 Spike. 
To measure IgG and IgA antibody levels in plasma and BAL 
of mice, a SARS-Co V-2 specific enzyme-linked immunosor
bent assay (ELISA) was developed. Briefly, Nurre ELISA 
plates were coated with SARS-CoV-2 spike protein (BEI 
resources-NR-52396, 100 ng total/well) diluted in carbon
ate/bicarbonate buffer, pH 9.6, and incubated overnight at 4° 
C. followed by blocking with 5% Skim milk to reduce 
background. A total of 100 µI of diluted serum (1/25) or BAL 
(undiluted) harvested at different time-points from immu
nized mice was added to the wells and incubated at 37° C. 
for 1 hr. Post washing (PBS-TritonX 100, 0.1 % ), either HRP 
conjugated anti-mouse IgG (1036-05, Southern Biotech) or 
anti-mouse IgA (1040-05, Southern Biotech) was added to 
the wells at dilutions of 1/1000 and incubated at 37° C. for 
1 hr. Post washing, 100 µI of TMB substrate solution was 
added and incubated for 20 min or until color developed. 
The addition of IM sulphuric acid stopped the reaction, and 
plates are read at 450 nm. Binding antibody EPTs were 
calculated as described previously (15). 
[0077] SARS-CoV-2 Pseudovirus Neutralization Assay 
[0078] SARS-CoV-2 pseudotyped virus based on an HIV
pseudotyped luciferase-reporter based system was generated 
as described elsewhere and was used to perform the neu
tralization assay (25). The SARS-Related Coronavirus 2, 
Wuhan-Hu-I Spike-Pseudotyped Lentiviral Kit, NR-52948, 
was obtained through BEI Resources, NIAID, NIH. For the 
neutralization assay, heat-inactivated sera were first serially 
diluted and incubated with the virus for 90 min at 37° C. 
Then the serum-virus mixture was transferred into wells 
pre-seeded with HEK293T-hACE2 cells (BEI resources 
NR-52511). After 48 hr, cells were lysed, and luciferase 
activity was measured using the ONE-Glo™ Luciferase 
Assay System (Promega, WI, USA). RLU were measured 
using the TD 20/20 Luminometer (Turner Designs, CA, 
USA). Neutralization titers (ID50) were calculated as the 
serum dilution at which RLU were reduced by 50% com
pared with RLU in virus control wells after subtraction of 
background RLU in cell control wells. 
[0079] SARS-CoV-2 Wild-Type Virus Neutralization 
Assay 
[0080] SARS-CoV-2, Isolate USA-WAl/2020, a kind gift 
from Dr. Jorge Osorio, was propagated and titrated on Vero 
E6 cells. Human plasma samples were obtained through BEI 
Resources, NIAID, NIH: Human Plasma, Sample ID 
WU353-108, NR-53675-53679, contributed by Ali 
Ellebedy, Ph.D., Washington University School of Medi
cine, St. Louis, Mo., USA. Heat-inactivated sera and BAL 
were first serially diluted in serum-free Opti-MEM media 
and incubated with 100 PFU per well of SARS-CoV-2, 
Isolate USA-WAl/2020 for 60 min at 37° C. and transferred 
into wells pre-seeded with Vero E6 cells. Serum and BAL 
dilutions were performed in duplicate. Plates were incubated 
at 37° C. for four days before scoring for the cytopathic 
effect. Neutralization titer was calculated as the reciprocal of 
the highest dilution at which virus neutralization occurred. 
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[0081] Flow Cytometric Assessment of SARS-CoV-2 
Specific Intracellular Cytokine Assay 
[0082] Immunized C57BL/6 mice (N=5) from each vac
cine group were euthanized 3 weeks post final boost and 
used for flow cytometric assessment. Single-cell suspen
sions from the lungs and spleen were prepared using stan
dard techniques. Briefly, lungs were excised and placed in a 
gentleMACS dissociator M tube (Miltenyi 130-093-236) 
with 3 mL collagenase B (1 mg/ml, Roche). Lung tissue was 
processed using the gentle MACS dissociator, followed by 
incubation for 30 min at 37° C. Single-cell suspensions lung 
and spleen were prepared by gently squeezing through a 70 
mm cell strainer (Falcon) after lysing RBCs using lxBD 
Biosciences BD Pharm Lyse™. For intracellular cytokine 
staining, lxl06 cells were stimulated with SARS-CoV-2 
spike protein (BEI resources-NR-52396, 100 ng total/well) 
overnight (-18 hr) at 37° C. BrefeldinA(l µI/ml, GolgiP!ug, 
BD Biosciences) was added and cells were further incubated 
for another 5 hr at 37° C. Fluorochrome-labeled antibodies 
against the cell-surface antigens CD4 (BUY 496, GKl.5), 
CD8a (BUV395, 53-6.7) and intracellular antigens IFN-y 
(APC, XMGl.2), TNF-a (BV421, MP6-XT22), IL-2 (PE
CF594, JES6-5H4), IL-17 (FITC, TC11-18H10.1), IL-13 
(PE-Cy7, eBio13A) were purchased from BD Biosciences 
(San Jose, Calif.), Biolegend (San Diego, Calif.), eBiosci
ence (San Diego, Calif.), or Invitrogen (Grand Island, N.Y.). 
Before antibody staining, cells were stained for viability 
with Dye eF!uor 780 (eBiosciences, San Diego, Calif.). 
After stimulation, cells were stained for surface markers and 
then processed with the Cytofix/Cytoperm kit (BD Biosci
ences, NJ). To stain for cytokines, cells were first stained for 
cell surface molecules, fixed, permeabilized, and then sub
sequently stained for the cytokines. All samples were 
acquired on an LSR Fortessa (BD Biosciences) flow cytom
eter. Data were analyzed with FlowJo software (TreeStar, 
OR). Results are expressed as the difference between the 
percentage of stimulated cells and the percentage of 
unstimulated cells. A Boolean gating strategy was applied 
for the determination of cytokine secreting T cells (See FIG. 
8 for gating strategy and FIGS. 9-10 for single cytokine 
staining). 
[0083] Statistical Analysis 
[0084] Statistical analyses were performed using Graph
Pad software (La Jolla, Calif.). ELISA EPT and BAL nAb 
titers were compared using a student's t-test where *, 
P<0.05; **, P<0.01 were considered significantly different 
among groups. Serum neutralizing antibody titers and cel
lular immune assays were compared using an ordinary 
one-way ANOVA test where *, P<0.05; **, P<0.01 were 
considered significantly different among groups. Antibody 
titers (ELISA) were compared using a two-way ANOVA test 
where *, P<0.05; **, P<0.01 were considered significantly 
different. 

Results: 

[0085] Design and Construction of SARS-Co V-2 Vaccine 
Constructs 
[0086] Plasmid DNA (pDNA) vaccine candidates encod
ing the spike (S) gene ofSARS-CoV-2 with a deletion of the 
transmembrane domain (TrS) and nucleocapsid gene (N) 
with the addition of C-terminal 6xHis tag were indepen
dently constructed. The genes from the first sequenced 
Wuhan SARS-CoV-2 isolate (GenBank accession number 
MN908947) were used for constructing the vaccine candi-
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dates. The expression of transgenes from the plasmid DNA 
vaccine candidates was confirmed using western blot analy
sis on supernatant and cells harvested from transfected 
HEK-293T cells with an anti-6xHis antibody (FIGS. la and 
b ). The same genes were cloned into a modified vaccinia 
Ankara (MVA) shuttle vector via homologous recombina
tion with and insertion into the deletion III region within the 
MVA genome (FIGS. le and ld). The TrS and N protein 
expression in MV A vaccine candidates are under the control 
of the SEIL promoter. Western blot analysis confirmed 
protein expression in supernatant from MVA-TrS and cell 
pellets from MVA-N infected CEF cells (FIGS. le and 1.1). 
For TrS, a single band of about 90 kDa was detected by the 
anti-6xHis antibody, reflecting the proteolytic cleavage of 
the secreted protein (FIG. le). Three major bands, around 
250 kDa, 180 kDa, and 90 kDa, were observed when mouse 
sera that was reactive to SARS-CoV-2 spike protein was 
used for western blot analysis. These bands indicate the 
presence of both full-length and cleaved secreted spike 
proteins from the plasmid DNA and MVA vaccine candi
dates (FIG. le). 
[0087] Induction of SARS-CoV-2 Specific Humoral 
Responses in Vaccinated Mice 
[0088] Previously, we demonstrated that a 2-dose QAC
encapsulated plasmid DNA (pQAC) encoding the nucleo
capsid gene of avian coronavirus provided protection that 
was equivalent to that oflive attenuated vaccines when birds 
were challenged with infectious bronchitis virus (11 ). How
ever, only T-cell responses without a complementing 
humoral response were observed in the vaccinated birds. 
Based on these results, we hypothesized that a heterologous 
strategy of priming with plasmid encoded-antigens and 
boosting with MV A expressing the same antigens would 
overcome this limitation and elicit both robust T-cell and 
humoral immune responses (20, 21). To test this hypothesis, 
groups of C57BL/6 mice were initially immunized with 
QAC complexed plasmid DNA (pCMV-TrS and pCMV-N, 
both termed pQAC-CoV) via intranasal (I.N) or intramus
cular (I.M) routes followed by two additional doses at 3 and 
6 weeks post initial immunization (75 µg plasmid DNA/ 
dose/mouse) for a total of 3 doses. Another group of 
C57BL/6 mice was initially immunized with pQAC-CoV 
followed by a boost with MVA-CoV at week 6, both via the 
I.N. route, for a total of 2 doses. Interestingly, 3 weeks after 
a prime and one boost immunization, S-specific and S 
receptor-binding domain (RBD)-specific IgG were detected 
in the sera from the heterologous vaccine group (pQAC/ 
MVA-CoV) at levels that were significantly higher than the 
rest of experimental groups (FIGS. 2a and 2b ). The antibody 
levels above the baseline for the PBS-immunized group 
were non-significant for both the pQAC-Co V I.N and I.M 
groups (FIGS. 2a and 2b). A single-dose administration of 
pQAC-Co V (heterologous group, prime timepoint) also elic
ited detectable S- and RED-specific IgG levels that were 
higher than observed in the PBS group (FIGS. 2a and 2b). 

[0089] Finally, we also examined mucosa! secretory IgA 
(sigA) produced in the upper respiratory tract that is critical 
in limiting infection of many respiratory pathogens, includ
ing coronaviruses at the primary site of infection (22-24). 
The S-specific IgA (IgA) levels in the bronchoalveolar 
lavage (BAL) of immunized mice in the heterologous vac
cine group were significantly higher than those of the PBS 
group (FIG. 2c). However, we did not detect a significant 
induction of sigA in any plasmid immunized mice, even 
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after prime and two boost doses. The presence of sigA and 
circulating IgG in pQAC/MVA-CoV immunized mice dem
onstrates the potential of this mucosa! vaccine strategy to 
elicit local and systemic humoral responses. 
[0090] Heterologous Vaccine Strategy Elicits Robust Neu
tralizing and Binding Antibody Responses 
[0091] To further characterize and accurately quantify 
humoral responses in the heterologous vaccine group 
(pQAC-CoV/MVA-CoV), we evaluated S-specific endpoint 
titers (EPT) using standard ELISA. Significant antibody 
titers ranging from about 1: 1000-1: 15000 for circulating IgG 
(serum) and 1-1:100 for sigA (BAL) were detected in the 
heterologous vaccine group (FIGS. 3a and 3c). To evaluate 
the neutralizing antibody response, we initially used a 
pseudovirus neutralization assay developed before using a 
recombinant lentivirus (25) expressing S protein from 
SARS-CoV-2. Unlike the PBS group, significant 50% neu
tralization titers ranging from about 1:50-1:250 (mean: 198) 
were observed in sera harvested from immunized mice three 
weeks after the final boost with MVA-CoV (FIG. 4a). The 
neutralization titers were comparable to the pooled conva
lescent non-human primate (NHP) serum (BEI Resources
NR-52401) harvested from SARS-CoV-2 infected NHP, 
demonstrating the ability of the heterologous vaccine strat
egy to elicit humoral responses to similar levels as seen 
during SARS-CoV-2 infection. Pseudovirus neutralization 
titers were also detected in BAL samples of immunized 
mice, which were higher than those detected in the PBS 
immunized group (FIG. 4c). Finally, we evaluated the ability 
of harvested sera and BAL to neutralize wild-type SARS
CoV-2 virus. As observed with the pseudovirus neutraliza
tion assay, both serum and BAL samples from vaccinated 
mice could efficiently neutralize wild-type SARS-CoV-2 
(FIGS. 4b and 4d). In fact, the neutralization titers observed 
with pQAC/MVA-CoV sera were higher than what was 
observed with COVID-19 patient plasma samples (FIG. 4b ). 
These results highlight the ability of the heterologous vac
cine strategy to elicit potent SARS-Co V-2 neutralizing local 
and systemic antibody responses. 
[0092] SARS-CoV-2 Specific Cellular Responses in Vac
cinated Mice 
[0093] Next, we evaluated the ability of the experimental 
vaccines to elicit local and systemic SARS-CoV-2 S- and 
N-specific cellular immune responses. Intracellular cytokine 
staining (ICS) was performed with lung cells and spleno
cytes harvested from vaccinated mice three weeks post final 
boost (i.e., PB for pQAC-CoV/MVA-CoV and P/2XB for 
pQAC-CoV alone). For S-specific immune responses, cells 
were stimulated with purified recombinant spike glycopro
tein (BEI resources-NR-52396) from SARS-CoV-2 for 24 h 
before staining. For N-specific immune responses, cells 
were stimulated with an N protein-peptide array from the 
SARS-CoV (BEI Resources-NR-2670) for 5 h before stain
ing based on earlier protocols (26, 27). Increased lung cell 
death was observed in a few samples, which were excluded 
from the analysis accordingly. 
[0094] Interestingly, immunization with the heterologous 
vaccine induced significant S-specific Thi 7 (IL-17 +) 
responses in the lungs (FIG. 6c ). Th2 (IL-13+) and Tc2 
responses were significantly lower in the heterologous vac
cine group in the spleen and lungs of vaccinated mice (FIGS. 
5 and 6). Significantly higher S-specific Tel responses 
(predominantly IFN-y+) were also present in the lungs of 
pQAC-Co V (I.N) immunized mice without significant 
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induction of CD4+ T cells (FIG. 10), consistent with obser
vations made following QAC-DNA vaccination in chickens 
(11). In addition, intramuscular (I.M) administration of 
pQAC-Co V alone induced significantly higher Thi and 
Thi 7 responses in the spleen of vaccinated mice (FIG. 5). In 
one group, we sacrificed mice after a single dose adminis
tration of pQAC-Co V, which revealed higher induction of 
TNF a+ and IL2+CD4+ T cells in the lungs ( data not shown), 
emphasizing the ability of pQAC-Co V to elicit early T-cell 
responses. 
[0095] Moreover, bias towards Thi cellular immune 
responses was observed (IL-2 and TNFa) after prime 
pQAC-Co V, which was then complemented by a Thi 7 
response after MVA-CoV boost vaccination. T-cell immune 
responses against N were also evaluated but with no sig
nificant induction of CD4+ or CDS+ cells in both lungs and 
spleen. That being said, a statistically significant reduction 
in N-specific IL-13 producing CDS and CD4 T-cells was 
observed in the lungs and spleen of all experimentally 
immunized mice (data not shown). These results demon
strate the ability of the heterologous vaccine strategy to elicit 
both potent local and systemic SARS-CoV-2 neutralizing 
antibody and cellular immune responses. 
[0096] SARS-CoV-2 Vaccines Induce Polyfunctional 
T-Cells 
[0097] To further characterize cellular immune responses, 
we investigated the ability of the experimental vaccines to 
induce polyfunctional T-cells using ICS. Our analysis 
revealed a significant induction of polyfunctional CD4+ 
cytokine producing T-cells (IFN-y, TNFa, IL-2, and 11-17) 
in the lung and spleen of mice vaccinated with the heter
ologous vaccine (FIGS. 7a and 7d). In addition, we detected 
the significant induction of polyfunctional CD4+ T-cells 
(IL-17, IL-2) and CDS+ T-cells (IFN-y, TNFa, IL-2+, and 
11-17) in the spleens of pQAC-Co V vaccinated mice via the 
I.M route (FIGS. 7b and 7c). We also detected significant 
induction of polyfunctional CDS+ T-cells (IFN-y, TNFa, 
11-17 and IFN-y, TNFa) in the lungs ofpQAC-CoV vac
cinated mice via the I.N route (FIGS. 7e and 71). Overall, 
analysis of cellular immune responses indicated that pQAC
Co V-based vaccines administered via the I.N route induced 
robust local responses in the lung and those given via I.M 
route in the spleen, as expected. 

Discussion: 

[0098] Although many experimental vaccines against 
SARS-CoV-2 are currently in development and in clinical 
trials, multiple vaccine approaches will realistically be 
needed to cover the global population and achieving herd 
immunity (13-16). As previously established, the upper 
respiratory mucosa is the primary site of SARS-CoV-2 
infection, and local mucosa! immune responses may be 
critical in limiting SARS-CoV-2 dissemination into the 
lower respiratory tract and subsequent pneumonia (28). 
Local mucosa! immune responses such as airway epithelium 
T-cell responses and IgA humoral responses are critical for 
restricting respiratory viral pathogens like SARS, MERS 
CoV, etc (22, 23, 29, 30). Mucosa! vaccination strategies 
such as intranasal vaccinations could provide an effective 
therapeutic strategy against COVID-19 by mediating the 
induction of local and systemic immune responses. 
Although appealing, formulating intranasal vaccinations can 
be challenging, owing to the low bioavailability, antigen 
uptake, and antigen degradation at mucosa! surfaces (31, 
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32). Previously, we detailed the development of the QAC 
adjuvant system for efficient intranasal delivery of DNA 
immunogens, circumventing some of the challenges 
observed with I.N vaccination (11). This rational design 
specifically targets the development of intranasal vaccine 
delivery route based on the known mucoadhesive properties 
of chitosan and the use of the potent immune-stimulant 
Quil-A for combating mucosa! pathogens such as SARS
Co V-2. In this study, we describe the pre-clinical develop
ment of a mucosa! 2-dose heterologous vaccine candidate 
against COVID-19 using the QAC adjuvant system. We 
were able to rapidly develop and characterize plasmid DNA 
and MVA encoding SARS-CoV-2 spike (S) and nucleo
capsid (N) proteins as soon as sequences were available on 
the GenBank database. PB with pQAC-CoV/MVA-CoV in 
mice led to the development of neutralizing antibody 
responses in serum (systemic) and BAL (local). Robust local 
and systemic T-cell responses against SARS-CoV-2 S pro
tein were also observed in vaccinated mice. 
[0099] Based upon our previous experience with avian 
coronavirus and other studies with SARS-CoV-2, we ini
tially chose both nucleocapsid and spike as our antigen 
targets. Although we immunized mice concurrently with 
both the N and S vaccine constructs, we focused on char
acterizing the more biologically relevant humoral responses 
against spike, which neutralize and limit viral entry (33, 34). 
Mice immunized with the pQAC/MVA-CoV vaccine can
didate induced serum IgG and BAL IgA capable of binding 
to both full-length spike and the RBD of the spike. Neu
tralizing antibodies (nAb) against SARS-Co V-2 have been 
shown to bind to the spike RBD and limit viral entry (34). 
Likewise, serum and BAL harvested from vaccinated mice 
were able to efficiently neutralize pseudovirus expressing 
SARS-Co V-2 spike, which was comparable to neutralization 
observed with convalescent serum from SARS-CoV-2 
infected NHP. Independent studies have shown that conva
lescing NHP are protected against SARS-CoV-2 and SARS
Co V re-infection, highlighting the potential of neutralizing 
antibodies induced in pQAC/MV A-Co V immunized mice to 
prevent SARS-CoV-2 infection (35, 36). Other studies have 
shown that pseudovirus neutralization correlates positively 
with infectious virus neutralization and might protect against 
SARS-CoV-2 challenge (37). Although we did not perform 
challenge studies, we did observe that sera and BAL har
vested from pQAC/MVA-CoV immunized mice were able 
to neutralize wild-type SARS-CoV-2 efficiently. 
[0100] Generally, vaccinia viral vectors (e.g., MVA) and 
chitosan adjuvants induced robust T-cell responses, includ
ing induction of pro-inflammatory cytokines like IFN-y, 
TNFa, IL-2, 11-17, etc., which have been implicated in 
limiting a plethora of viral infections such as HSV-1, HSV-2, 
West Nile virus, SIV, RSV, and Influenza (6, 38-43). 
Although Tel 7 cells, characterized by the secretion ofIL-17 
themselves, aren't cytotoxic like IFN-g+ CDS+ T-cells, they 
can directly activate and prime cytotoxic CDS+ T-cells (40). 
IL-17 ablation in RSV infected mice led to increased airway 
inflammation and airway mucus, indicating a potential role 
for IL-17 in limiting inflammation (41). IL-17 is critical for 
recruiting B cells to the lung in response to influenza 
infection by inducing CXCL13 expression (42). IL-17 can 
also promote migration and differentiation of B 1 a cells, the 
primary source of IgM production ( 44 ). 
[0101] Interestingly, pQAC/MVA-CoV immunized mice 
have modest titers of IgA and IgG, and a significant per-
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centage ofThl 7 cells reactive to SARS-Co V-2 S, which was 
not observed in other groups. This observation suggests a 
potential mechanism of action for the heterologous vaccine 
candidate: that immunization coupled with IL-17 production 
amplified the SARS-CoV-2 S-specific humoral response. 
That being said, the presence of IL-17 producing CD4+ 
T-cells in the spleen of pQAC-Co V (I.M) did not correlate 
with antibody levels. Concurrent expression of pro-inflam
matory cytokines is a hallmark of Tc 17 and Thl 7 cells ( 45). 
Similarly, we observed polyfunctional CDS+ T-cells and 
CD4+ T-cells in the lungs and spleen ofpQAC/MVA-CoV 
immunized mice. 
[0102] In general, we recognize that the presence ofIL-17 
among elicited cytokines could be a double-edged sword. 
For example, increased tissue pathology during viral infec
tions has been observed to be facilitated by promoting a Th2 
response, including IL-13 production ( 45). In our hands, we 
noticed no change in IL-13 producing cells in the lungs and 
spleen of pQAC/MVA-CoV vaccinated mice compared to 
the control group. Previously, Th2 biased responses orches
trated by IL-13 were usually associated with vaccine-asso
ciated enhanced respiratory disease (VAERD) (13). T-cell 
responses elicited against N protein were minimal, which 
could be explained by the fact that the SARS-Co V N peptide 
pool was used for stimulation initially when SARS-Co V-2 N 
peptide array was unavailable. However, reduction in IL-13 
production was observed in the vaccinated mice highlighting 
the absence of Th2 responses. 
[0103] Interestingly, the pQAC-CoV vaccines adminis
tered via the I.N route could induce potent S-specific Tel, 
specifically CDS+IFN-y cells in the lung. Similarly, pQAC
Co V administered via the I.M route was also able to induce 
potent S specific Thl and Thl 7 cellular responses in the 
spleen. The roles of local and systemic IFN-y producing 
T-cells in limiting coronaviruses and other respiratory viral 
pathogens have been reported previously shown in multiple 
reports ( 46). 
[0104] Overall, the work presented here provided a proof 
of concept that a PB strategy with a heterologous vector 
system (in this case, pQAC/MVA-CoV) can elicit robust 
humoral and cellular responses against SARS-CoV-2. This 
strategy enjoyed the advantages of mucosa! immunization 
detailed before and could be an example of developing rapid 
vaccines against COVID-19 and other future respiratory 
infections. Nonetheless, the protective efficacy and full 
safety profile of the described vaccines are yet to be evalu
ated. Specifically, the immune interference effects of the N 
antigen, if any, need further exploration. However, prelimi
nary studies suggested no dampening of S-specific immune 
responses when N antigen was used in our vaccine. A similar 
outcome could be envisioned for the pQAC/MVA-CoV 
vaccines. 
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Example 2. Systemic Responses More than Local 
Immune Responses Induced by Nanoparticle 

Vaccines are Critical for the Control of 
SARS-CoV-2 in Humanized Mice Model 

Results 

[0155] Nanoparticles Formed by QAC Encapsulation of 
Plasmid DNA Immunogens 
[0156] Uptake and subsequent cellular immune responses 
generated is influenced by the size of the nanoparticle (NP) 
vaccines. Plasmid DNA vector pCAGGS encoding for the 
SARS-CoV-2, Wuhan-Hu-I (GenBauk: MN908947) Spike 
glycoprotein (pCoV-S) procured through BEI resources was 
used for size and charge characterization (NR-52394). QAC 
complexation of pCo V-S suitable for mice inoculation led 
(pQAC-S) to formation of nanoparticles around 400 nm 
using dynamic light scattering (DLS) analysis post sonica
tion for disaggregation with a net positive zeta potential of 
-51.9±4.58 mV (FIG. llb). As expected, transmission elec-
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tron microscopy (TEM) scanning revealed the presence of 
QAC-plasmid DNA complexes >200 nm in size (FIG. llc). 
QAC adjuvant system is non-toxic, mediates sustained and 
stable release of packaged DNA 

[0157] We have previously shown that QAC based par
ticles are well tolerated in poultry hosts. To evaluate the 
biocompatibility of QAC based vaccines in a relevant cell 
culture model for SARS-CoV-2 vaccines, different amounts 
of QAC encapsulated pCAG vector encoding the Luciferase 
gene (pQAC-Luc) was added to HEK 293T cells and cell 
viability after 3 days measured using MTT assay. Interest
ingly, no cytotoxicity were observed in cells post pQAC-Luc 
addition even at high DNA amounts highlighting the safety 
ofQAC based vaccines (FIG. 12a). The delivery of plasmid 
DNA by QAC NPs was qualitatively determined previously 
using GFP reporter plasmid. To quantitatively determine 
delivery of cargo plasmid, pQAC-Luc was added to HEK 
293T cells in increasing amounts and luciferase expression 
assayed 3 days post addition. As expected, luciferase expres
sion was detected in a dose dependent manner, indicating 
delivery and expression of luciferase from the packaged 
construct (FIG. 12b). The release kinetics of plasmid DNA 
from pQAC-Luc was evaluated in phosphate buffered saline 
(PBS) at physiological temperature (37° C.) and pH (7.4) by 
quantifying the amount of DNA released over time using 
spectrophotometry. Close to 15% of the packaged pCAG
Luc was released over 24 days in a sustained manner (FIG. 
12c). To further confirm that the released DNA was func
tional, pCAG-Luc released 24 hrs after incubation was used 
to transfect HEK 293 T cells with standard transfection 
reagent. No difference in luciferase expression was observed 
between control fresh pCAG-Luc and released pCAG-Luc 
underscoring the ability of the QAC adjuvant system to 
release functional and stable plasmid DNA (FIG. 12d). 

[0158] Internalization of Plasmid DNA by Macrophages 
when Complexed with QAC Adjuvant System 

[0159] Upon immunization via the parenteral route, for 
optimal efficacy, vaccine antigens need to be taken up by 
resident immune cells, like dendritic cells and macrophages. 
1774 murine macrophages were used to evaluate the ability 
of QAC to mediate delivery of plasmid DNA to target 
immune cells. 1774 murine cells were incubated with fluo
rescently labeled plasmid DNA encapsulated by QAC 
(pQAC-Cy3) and fluorescent microscopy used to determine 
uptake at two different time points ( 4 and 24 hrs). These 
times were chosen to monitor uptake of plasmid DNA over 
time. Cy3 labelled plasmid DNA was taken up efficiently 
when delivered by QAC (FIG. 13b) which was not observed 
with unencapsulated labeled plasmid (FIG. 13a) underscor
ing the need for QAC complexation. Internalization was 
observed as early as 4 hrs post addition and maintained for 
24 h post addition (FIG. 13b). Qualitatively more labelled 
plasmid DNA was observed at the 4 hrs time point than 24 
hrs. Labelled plasmid DNA was also observed in the nucleus 
of 1774 cells (DAPI stained) indicating favorable localiza
tion to nucleus which should promote expression of vaccine 
antigens encoded by the plasmid DNA as confirmed by our 
luciferase expression studies above (FIG. 12b). Overall, our 
analysis indicates that the QAC adjuvant system is well 
tolerated in cell culture and can mediate delivery of plasmid 
DNA to target immune cells. 
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[0160] Systemic SARS-CoV-2 Specific Immune 
Responses in Vaccinated Mice 
[0161] QAC complexed plasmid DNA vaccine encoding 
for SARS-CoV-2 Sand N has been shown to be immuno
genic when administered via multiple routes (intramuscular, 
IM and intranasal, IN) and either via homologous (DNA 
priming followed by DNA boosting) or heterologous vac
cination (DNA priming followed by MV A vaccination 
encoding the same antigens) in C57BL/6 mice. Although 
immunogenic, each vaccination strategy had a different 
immune profile with parenteral vaccination leading to sys
temic immune responses and IN vaccination leading to local 
immune responses. To investigate which of these immune 
responses are truly protective against SARS-CoV-2 chal
lenge, Kl 8-hACE2 mice were utilized in this study. Groups 
of Kl 8-hACE2 mice were immunized with QAC complexed 
plasmid DNA (pCoV-S and pCoV-N, both termed pQAC
Co V) via IN or IM routes followed by boosting 6 weeks post 
initial immunization (FIG. 14a). Another group of K18-
hACE2 mice was also primed with pQAC-Co V, followed by 
a boosting with MVA-CoV (MVA-S and MVA-N) via the IN 
route 6 weeks after prime (FIG. 14a). pQAC-CoV parenteral 
administration led to the significant induction of SARS
Co V-2 neutralizing antibody titers (nAb) in harvested sera 3 
weeks post final vaccination (wpv, FIG. 14b). nAb levels 
were also higher in the pQAC/MVA-CoV IN administration 
as reported previously, albeit non-significant (FIG. 14b). 
Interestingly, BAL harvested from pQAC-CoV IM vacci
nated mice was able to neutralize SARS-CoV-2 at levels 
higher than detected with the unvaccinated group (FIG. 
14c). Next, we investigated the ability of sera from pQAC
Co V IM vaccinated mice to neutralize common circulating 
variants of SARS-Co V-2, B .1.1 7 and B .1.3 51. N eutraliza
tion titers against B.1.17 showed no significant difference 
when compared to SARS-Co V-2 strain A against which the 
vaccines are developed (FIG. 14d). In contrast, neutraliza
tion titers against B.1.351 were non-detectable and signifi
cantly lower, an observation also seen with other approved 
COVID-19 vaccines (FIG. 14d). Our results suggest that 
parenteral QAC based immunization is better at inducing 
significant systemic neutralizing immune responses than 
local immunization. 
[0162] Mucosa! Administration of SARS-CoV-2 Vaccine 
Induces Local Cellular Responses 
[0163] Previously we have shown that QAC based SARS
CoV-2 vaccines elicited significant local (lungs) and sys
temic (spleen) type-I T-cell responses. Intracellular cytokine 
staining (ICS) was performed with lung cells harvested from 
vaccinated mice three weeks post final boost (pre-challenge) 
to evaluate local immune responses elicited by QAC based 
vaccines. For Sand N-specific immune responses, cells were 
stimulated with purified recombinant spike glycoprotein 
(BEI resources-NR-52396) and N Protein N-terminal RNA 
binding domain from SARS-CoV-2 (BEI resources-NR-
53246) respectively overnight before staining. As seen pre
viously, pQAC/MVA-CoV vaccination led to the significant 
induction of type 1 helper (Thi, FIG. 15a) and cytotoxic 
(Tel, FIG. 15d) T-cell responses (IFN-y or TNFa or IL-2+) 
post SARS-CoV-2 S stimulation. Detectable immune 
responses were not elicited by the 2-dose IN administration 
of pQAC-Co V potentially highlighting the beneficial impact 
of mixing and matching vaccination platforms as seen with 
pQAC-MVA-CoV (FIGS. 15a1). As expected, no induction 
of deleterious type-2 (IL-4+ or IL-13+) immune responses 
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was observed in the lungs from any of the vaccinated groups 
(FIGS. 15b, e). Interestingly, detectable cytokine producing 
T-cells were only observed with S stimulation and not with 
N stimulation in any of the vaccinated mice (FIGS. 15a-d). 
Also, pQAC-Co V IM administration did not lead to the 
induction of T-cell immune responses in the lungs (FIGS. 
15a:f). These results indicate that pQAC/MVA-CoV IN 
administration elicits better local lung immune T-cell 
responses in contrast to pQAC-Co V IM administration that 
elicits better systemic antibody responses. 
[0164] A follow-up study was conducted with only the 
PBS and pQAC-CoV IM vaccinations for reproducibility 
and to validate the findings of the first trial. The output from 
the follow-up trial are depicted in fig c and d of Fig panels 
16-19. Mice were monitored for weight loss, survivability, 
infectious viral load in the lungs and brain and pathology in 
lungs, spleen and brains of the vaccinated mice. Unvacci
nated mice started losing weight at 4 days post challenge 
( dpc) with all mice meeting criteria for euthanasia by 6 dpc 
(FIGS. 16a, c). In contrast, a majority of the pQAC-CoV IM 
administered mice ( 65-80%) survived and showed no appar
ent clinical signs of SARS-CoV-2 infection with no weight 
loss (FIGS. 16a, c). pQAC/MVA-CoV IN offered minimal 
protection with significant weight loss observed comparable 
to the PBS group and only 20% of the mice surviving at 
experimental end point (FIGS. l6a-d). Mice vaccinated with 
pQAC-Co V IN offered no protection with all the mice 
following a similar clinical trajectory to the unvaccinated 
mice (FIGS. 16b, d). Parenteral administration of pQAC
Co V which induces significant systemic immune responses 
provided better protection when compared to both the 
mucosa! vaccine administrations. 
[0165] Reduced Viral Burden in the Lungs and Brains of 
Vaccinated Humanized Mice 
[0166] We quantified the infectious viral load in the lungs 
and brains of challenged mice at two different time points, 
4 and 6 dpc. We noticed a significant reduction in the lung 
viral load of both pQAC-CoV IM and pQAC/MVA-CoV IN 
vaccinated mice when compared to the unvaccinated mice 
across both time points (FIG. l 7a-d). In contrast, only 
pQAC-Co V IM vaccinated mice had significantly lower 
viral RNA and infectious viral loads in the brain (FIGS. 
18a-d). In agreement with the immunology findings, we did 
not see any significant reduction in the viral loads of 
pQAC-Co V IN administered mice both in the lungs and 
brain (FIGS. l 7a-d, l8a-d). Overall, the viral load data 
correlates well with the clinical findings with pQAC-CoV 
IM administration offering the best protection reducing local 
viral replication in the lungs and limiting viral dissemination 
to the brains. Interestingly, pQAC/MVA-CoV IN which 
induces local T-cell responses in the lungs limits viral 
replication in the lungs but is unable to prevent dissemina
tion to the brain underscoring the need for systemic immune 
responses for optimal protection in K18-hACE2 mice. 
[0167] Reduced Viral Pneumonia and Tissue Damage in 
the Lungs, Spleen and Brains of Vaccinated Humanized 
Mice 
[0168] To further examine the efficacy of the different 
experimental vaccines, hematoxylin and eosin (H&E) stain
ing of lung, spleen and brain sections from vaccinated mice 
at 6 dpc was conducted and histopathological changes 
examined in a blinded fashion. Examinations of lungs from 
unvaccinated mice showed 75% of lung reaction including 
massive diffuse blood vessels congestion with robust aggre-
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gates forming circumferential perivascular lymphoid cuffs 
and compression of adjacent parenchyma. Furthermore, 
severe interstitial pneumonia appeared marked as mononu
clear cell infiltrates in the interstitial tissue septa and lumen 
with consolidation and examination of lungs from pQAC
Co V IN vaccinated mice revealed 25% of lung reaction in 
the form of multi-focal blood vessels congestion together 
with moderate degree of interstitial pneumonia. In contrast, 
pQAC-Co V IM vaccinated group reported very mild lungs 
lesions in comparison with the unvaccinated mice and with 
only 10% oflung reaction in the form of focal blood vessels 
congestion with very few perivascular solitaries lymphoid 
cells aggregates and mild interstitial pneumonia (FIG. 19c). 
Examination of lungs from pQAC/MVA-Co VIN vaccinated 
group denoted 50% of lung reaction in the form of diffuse 
blood vessels congestion with perivascular lymphoid cuff
ing, together with less severe interstitial pneumonia than the 
unvaccinated group (FIG. 19d). To quantify the difference in 
severity, the interstitial disease in each lung sample (H 
score) was scored taking into account alveolar septa! infil
tration, extension into the airspaces, and associated edema 
and atelectasis. As shown in FIG. 19/, pQAC-CoV IM 
vaccinated mice showed the least sign of interstitial disease 
at 6 dpc. Mononuclear perivascular lymphoid (PV) infiltra
tion immediately post-challenge can be favorable indicative 
of optimal vaccination, although no significant difference in 
the PV scoring was observed between vaccinated and con
trol groups (FIG. 19e). Similar pathology results were noted 
in the other organs of pQAC-Co V IM vaccinated mice with 
very few splenic and brain lesions and minimum tissue 
damage in comparison to the unvaccinated mice which 
correlates well with the clinical outcome and viral load data. 
Overall, our analysis indicates that systemic immunity in the 
form of significant nAb responses elicited by pQAC-Co V 
IM are critical for protection against SARS-CoV-2 and that 
local T-cell immune responses such as those elicited by 
pQAC/MVA-CoV might be sufficient only for controlling 
viral replication in the lungs but cannot prevent viral dis
semination. 

Materials and Methods 

[0169] Cells and Viruses HEK 293T cells and Vero E6 
cells were a kind gift from Dr. Jorge Osorio and were 
maintained in DMEM supplemented with 10% fetal bovine 
serum (FBS) and penicillin-streptomycin (Dl0) at 37° C., 
5% CO2 atmosphere. 1774 cells were maintained in RPMI 
supplemented with 10% fetal bovine serum (FBS) and 
penicillin-streptomycin (Dl0) at 37° C., 5% CO2 atmo
sphere. 

[0170] Preparation of SARS-CoV-2 Vaccine Constructs 

[0171] QAC and MVA based SARS-CoV-2 vaccine con
structs were developed as described previously. Sequences 
for the SARS-CoV-2 Nucleocapsid (N) were downloaded 
(GenBank accession number MN908947), back-translated, 
and codon-optimized for expression in mice. Vector 
pCAGGS Containing the SARS-Related Coronavirus 2, 
Wuhan-Hu-I Spike Glycoprotein Gene (soluble, stabilized), 
NR-52394 was obtained through BEI Resources, NIAID, 
NIH. To confirm the insertion of genes in the correct 
orientation, DNA sequencing was performed at the UW
Madison Biotechnology Center with an ABI Prism 3 730XL 
DNA analyzer using Big Dye terminators (Applied Biosys
tems, CA). The MV A expressing N and TrS constructs were 
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generated as described before in CEF cells[23]. Plasmid 
loaded QAC particles were synthesized as described previ
ously [11]. 

[0172] Characterization of Nanoparticles 

[0173] Size distribution and zeta potential of QAC-NPs in 
aqueous dispersion was measured by dynamic light scatter
ing (DLS) on a Malvern zeta sizer instrument at 25° C. For 
size distribution, 10 ul of QAC-NPs in solution was diluted 
to 3 ml using nuclease free water and placed in a low volume 
cuvette and analyzed directly. For zeta potential measure
ment, approximately 1 mL of the diluted QAC-NPs in 
solution was placed in a disposable capillary zeta potential 
cell available from the Zeta sizer Nano series. TEM experi
ments were performed at the Medical school Electron 
Microscopy facility of the University ofWisconsin-Madison 
using a Philips CM120 transmission electron microscope 
(FEI, Eindhoven, the Netherlands) at 80 kV. The size and 
morphology of vaccine preparations was reexamined via 
negative staining using the drop method. For the release 
kinetics assay, QAC NPs loaded with 50 ug total DNA was 
resuspended in 50 µL of 0.05 M phosphate buffered saline 
(PBS, pH 7.4) at 37° C. in duplicates. At each time point, 
suspensions were removed and centrifuged at 14,000 rcffor 
20 min. The supernatant was removed and replaced with 
PBS and returned to incubation. Supernatant samples were 
quantified for released DNA from the QAC using a GE 
Healthcare/Amersham Biosciences Ultrospec 3100 ProUV/ 
Visible Spectrophotometer and compared to the total DNA 
used. For the delivery experiment, pQAC-Luc was added to 
HEK 293T cells in 96-well plate format at different DNA 
amounts listed. 72 hours post addition, cells were lysed, and 
luciferase activity was measured using the ONE-Glo™ 
Luciferase Assay System (Promega, WI, USA). RLU were 
measured using the TD 20/20 Lumi-nometer (Turner 
Designs, CA, USA). For stability studies, HEK 293T cells 
seeded in 96-well format was transfected with fresh or 
released pCAG-Luc in the supernatant (24 hrs) from the 
release kinetics assay using TransTT®-293 Transfection 
Reagent according to manufacturer's instructions (Minis 
Bio, WI, USA). Three days post-transfection, cells were 
lysed, and luciferase activity was measured using the ONE
Glo™ Luciferase Assay System (Promega, WI, USA). RLU 
were measured using the TD 20/20 Lumi-nometer (Turner 
Designs, CA, USA). 

[0174] 1774 Uptake Experiment 

[0175] To evaluate the internalization of QAC-NPs, 1774 
cells (Mus musculus macrophage cells) were plated in at 
density of 0.5x106 cells/mL in a 24-well plate with cover
slips and incubated overnight at 37° C. The following day, 
cells were incubated with Cy3 labeled plasmid DNA (Labe
lIT® Plasmid Delivery Controls, MIR7904) encapsulated by 
QAC NPs (2 ug/well) for 4h or 24 h. Cells were then washed 
with phosphate buffered saline (PBS, pH 7.4) to remove 
non-adherent or loosely adherent NPs and fixed in 4% 
paraformaldehyde (methanol free). Cells were permeabi
lized with 0.1 % Triton X-100 in PBS for 3 min and washed 
with PBS. Actin staining was performed by incubating cells 
withAlexa Fluor 647 Phalloidin (Life Technologies, NY) for 
20 min in PBS at room temperature. Coverslips containing 
stained cells were washed and mounted on glass slides using 
ProLong with DAPI (Life Technologies, NY). Confocal 
microscopy was performed using an inverted Olympus 
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Fluoview 1000 laser scanning microscope. Final images 
were prepared using Image J vl.47m software (NIH, 
Bethesda, Md.). 
[0176] Vaccine Efficacy Study 
[0177] The efficacy of the experimental vaccine constructs 
was evaluated in K18-hACE2 mice (6 weeks of age) 
obtained from The Jackson Laboratory and maintained in 
bio-safety level-2 (BSL) containment pre-challenge and 
BSL-3 post challenge. At every indicated time point, mice 
were concurrently immunized with MVA or pQAC Sand N 
constructs. In the primary trial, a total of 60 mice was 
divided equally into four groups (n=15 each). Groups of 
mice were either unvaccinated (PBS) or immunized with 
pQAC-CoV (IM) or pQAC-CoV (IN) at week-0, and week-
6. Another group ofK18-hACE2 mice was vaccinated with 
pQAC-CoV (IN) at week-0, followed by a boost with 
MVA-Co V (IN) at week-6. A vaccine dose of 50 ugs/plasmid 
DNA construct/animal, and 108 pfu/MVA construct/animal 
was administered at each immunization timepoint. Sera for 
neutralizing antibody titers were harvested from blood col
lected at week-9. At week-9, three weeks post final boost, 
pre-challenge, mice (n=4) were euthanized, BAL collected 
as described previously in Dl0 media, and lungs were 
harvested and processed for ICS assay as described below. 
At week-9, mice were challenged with SARS-CoV-2 isolate 
USA-WAl/2020 intranasally at a dosage of 104 PFU. Mice 
were weighed on the day of SARS-CoV-2 challenge and 
everyday thereafter. 5-6 mice were euthanized at 4- and 
6-days post challenge ( dpc ). Mice were euthanized via 
isoflurane overdose and then cervical dislocation. Lung, 
spleen, and brain were collected for viral load quantitation 
and histopathology. A second follow-up study was con
ducted to validate the findings of the initial trial. In the 
follow-up trial, a total of 24 mice was divided equally into 
two groups (n=12 each). Groups of mice were either unvac
cinated (PBS) or immunized with pQAC-CoV (IM) at 
week-0, and week-6 and challenged as described above at 
week-9. Samples were collected for vaccine efficacy read 
outs as detailed above. 
[0178] SARS-Co V-2 Neutralization Assay 
[0179] SARS-Co V-2, isolate USA-WAl/2020 (lineage A), 
or isolate SA/2020 (lineage B.1.351) or isolate England/ 
2020 (lineage Bl.1.7), kind gifts from Dr. Jorge Osorio was 
propagated and titrated on Vero E6 cells. Heat-inactivated 
sera and BAL were first serially diluted in serum-free 
Opti-MEM media and incubated with 100 PFU per well of 
SARS-CoV-2 isolates for 60 mins at 37° C. and transferred 
into wells pre-seeded with Vero E6 cells. Plates were incu
bated at 37° C. for four days before scoring for the cyto
pathic effect. Neutralization titer was calculated as the 
reciprocal of the highest dilution at which virus neutraliza
tion occurred. 
[0180] Flow Cytometric Assessment of SARS-CoV-2 
Specific Intracellular Cytokine Assay 
[0181] Immunized K18-hACE2 mice (N=4) from each 
vaccine group 3 weeks post final boost was euthanized and 
used for flow cytometric assessment. Single-cell suspen
sions from the lungs were prepared using standard tech
niques were used. Briefly, lungs were excised and placed in 
a gentle MACS dissociator M tube (Miltenyi 130-093-236) 
with 3 mL collagenase B (1 mg/ml, Roche). Lung tissue was 
processed using the gentle MACS dissociator, followed by 
incubation for 30 min at 37° C. Single-cell suspensions lung 
were prepared by gently squeezing through a 70-mm cell 
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strainer (Falcon) after lysing RBCs using 1 xBD Biosciences 
BD Phann Lyse™. For intracellular cytokine staining, 
lx106 cells were stimulated with SARS-CoV-2 Spike pro
tein (BEire-sources-NR-52396, 100 ng total/well) or N 
Protein N-terminal RNA binding domain (BEiresources
NR-53246, 100 ng total/well) overnight (-18 hrs) at 37° C. 
Brefeldin A (1 µI/ml, Golgi Plug, BD Biosciences) was 
added after, and cells were further incubated for another 5 
hours at 37° C. Fluorochrome-labeled antibodies against the 
cell-surface antigens CD4 (BUY 496, GK! .5), CD8a 
(BUV395, 53-6.7) and intracellular antigens IFN-y (APC, 
XMGl.2), TNF-a (BV421, MP6-XT22), IL-2 (PE-CF594, 
JES6-5H4), IL-17 (FITC, TC11-18H10.1), IL-13 (PE-Cy7, 
eBio13A) or IL-4 (PerCP-Cy5.5, 11811) were purchased 
from BD Biosciences (San Jose, Calif.), Biolegend (San 
Diego, Calif.), eBioscience (San Diego, Calif.) or Invitrogen 
(Grand Island, N.Y.). Before antibody staining, cells were 
stained for viability with Dye eF!uor 780 ( eBiosciences, San 
Diego, Calif.). After stimulation, cells were stained for 
surface markers and then processed with the Cytofix/Cy
toperm kit (BD Biosciences, NJ). To stain for cytokines, 
cells were first stained for cell surface molecules, fixed, 
permeabilized, and subsequently stained for the cytokines. 
All samples were acquired on an LSR Fortessa (BD Bio
sciences) flow cytometer. Data were analyzed with FlowJo 
software (TreeStar, OR). Results are expressed as the dif
ference in the percentage of stimulated cells with that of 
unstimulated cells. At least 100,000 events were collected 
for each sample. A boolean gating strategy was applied for 
the determination of cytokine secreting T cells. 

[0182] Viral Load Measurement 

[0183] Tissue samples were homogenized to a final 1 mL 
suspension in serum free media (Opti-MEM) with sterile 
zirconia beads, clarified by low speed centrifugation at 
800xg for 10 min at 4° C., and virus titers were determined 
in Vero E6 cell monolayers grown in 96-well plates. Vero E6 
cells were seeded (0.25x105/well) in a 96-well plate and 
incubated overnight at 37° C. in a CO2 incubator. 1004, of 
10-fold serially diluted tissue suspension was added to each 
well in quadruplicate format for 1 hr at 37° C. and replaced 
with fresh complete DMEM media. Plates were incubated in 
a CO2 incubator at 37° C. for 3-4 days, after which cyto
pathic effect (CPE) was observed microscopically at 40x 
magnification. Virus titers were expressed as TCID50 units 
per gram of tissue and then converted to PFU/ml by multi
plying the TCID50/mL by 0.7 ( ). For qRT-PCR, RNA was 
extracted from homogenized brain samples (see above, 100 
µ!) using ZymoDirect-Zol™ RNA mini prep kit (Zymo 
Research, CA, USA) according to manufacturer's instruc-

<160> NUMBER OF SEQ ID NOS, 8 

<210> SEQ ID NO 1 
<211> LENGTH, 3849 
<212> TYPE, DNA 

SEQUENCE LISTING 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
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tions. RT-qPCR was conducted in two steps: cDNA synthe
sis (Invitrogen™ SuperScript™ III First-Strand Synthesis 
System) and qPCR reactions. cDNA synthesis was per
formed with 0.5 µI (50 ng/µl) random hexamers, 0.5 µI of 10 
mM dNTPs, and 4 µI RNA and heated at 65° C. for 5 min 
and chilled on ice followed by addition of 1 µI of l0xRT 
buffer, 1 µI of 0.1 M DTT, 1 µla 25 mM MgCl2, 0.5 µI of 
RNaseOUT and 0.5 µI of SuperScript III enzyme in final 
volume of 10 µI. The reaction conditions include 25° C. for 
5 min, 50° C. for 60 min and 70° C. for 15 min. SYBR green 
RT-qPCR was performed using SARS-CoV-2 N gene spe
cific primer pair set forward primer: 5' GACCCCAAA 
ATCAGCGAAAT 3' (SEQ ID NO: 7) and reverse primer: 
5'TCTGGTTACTGCCAGTTGAATCTG 3' (SEQ ID NO: 
8). PCRs were performed using a StepOneP!us™ Real-Time 
PCR System (Applied Biosystems, Foster City, Calif., U.S. 
A) under the following conditions: one cycle 95 C for 2 min 
followed by 40 cycles of 95 C for 3 sec and 60 C for 30 sec. 
Each 20 µI reaction was carried out using 1 µI of diluted 
cDNA (1/10), 10 µI of GoTaq® qPCR mastermix (Pro
mega), 2 µI of forward and reverse primers and 7 µI of 
nuclease free water. A serial 10-fold dilution of cDNA 
extracted from quantitative PCR (qPCR) Control RNA from 
Heat-Inactivated SARS-CoV-2, Isolate USA-WAl/2020 
(BEI resources, NR-52347) was used to establish the stan
dard curve. Temperature melt curve analysis was used to 
confirm the specificity of the product. 
[0184] Histopathological Analysis 
[0185] Lungs, spleen, and brain were collected from the 
different experimental groups were routinely processed. The 
paraffin embedded blocks were sectioned at 5-micron thick
ness and stained with Hematoxylin and Eosin (Bancroft et 
al. 2010) for histopathological examination by alight micro
scope. For Lung histopathological analysis, perivascular 
lymphoid aggregates were ordinally scored: 0, absent; 1, few 
solitary cells; 2, moderate small to medium aggregates; or 3, 
robust aggregates forming circumferential perivascular cuffs 
with compression of adjacent parenchyma. Interstitial dis
ease was ordinally scored using a modified H score: 0, 
absent; 1, minor scattered cells in septa; 2, moderate infil
trates in septa and extending into lumen; or 3, moderate to 
severe infiltrates in septa and lumen with associated con
solidation/atelectasis and or edema. For each of the tiers, the 
percentage of lung affected was recorded ( ). For spleen 
scoring, histopathological alterations in spleen were scored 
as, no changes (0), mild (1), moderate (2) and severe (3) 
changes, while the grading was determined by percentage as 
follows: <30% changes were indicated as mild, <30%-50% 
indicated as moderate changes, and >50% indicated as 
severe changes (Arsad et al. 2014). 

<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 spike nucleotide sequence 

<400> SEQUENCE, 1 

atgtttgtgt tcctggtact cctaccgctg gtgagctccc aatgcgtcaa tctcacgact 60 
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-continued 

aggacacaac tcccacccgc ctacacgaac tcttttacaa ggggtgtata ctaccctgac 120 

aaggtgttcc gcagcagcgt gctacatagc actcaagatt tgtttctgcc cttcttctct 180 

aacgtaacat ggttccatgc gatacatgta tctggtacca atggaacaaa acggtttgat 240 

aacccagttc tcccgtttaa tgatggagtt tactttgcat ccactgaaaa gtctaatata 300 

atacgcggat ggattttcgg cacaacactg gatagtaaga cccagagtct gcttattgtc 360 

aataacgcca ctaacgtggt gattaaggtg tgtgagtttc aattctgtaa tgacccattt 420 

ctcggggttt actaccataa gaacaataag agctggatgg aatcagaatt tagagtttat 480 

agcagcgcaa acaattgcac atttgaatac gtttctcaac cctttctgat ggatctcgaa 540 

ggaaaacaag ggaactttaa gaacctcagg gaatttgtct tcaagaacat agatgggtac 600 

ttcaaaattt acagcaagca tacaccaatt aacttggtta gagacctgcc ccagggattt 660 

tctgcacttg aacccttggt tgacttgcct atcggcatta atattactcg atttcaaact 720 

ctgctcgctt tgcaccgcag ctacctgaca ccgggagact cctctagtgg ctggaccgca 780 

ggagcagctg catattatgt gggttatctc caacccagaa catttctgct aaagtacaac 840 

gaaaatggga caatcaccga tgcggtcgac tgcgcattgg atcccctatc cgagactaag 900 

tgtactttga agagctttac cgtggaaaag gggatctatc aaacttccaa ctttcgggtg 960 

caaccgaccg aaagcatcgt tagatttccc aatatcacca acttgtgtcc ctttggcgaa 1020 

gttttcaacg ctactcgctt tgcaagtgtc tatgcttgga atagaaagag gataagcaac 1080 

tgcgtcgctg actattctgt tctgtataac tctgcgagct tttcaacttt caaatgctat 1140 

ggggtctccc caaccaagct taatgacttg tgcttcacta acgtttatgc agatagcttc 1200 

gtcatacggg gcgatgaagt gcggcaaatc gcgccaggac aaacaggtaa gatcgccgac 1260 

tacaactata aactgccaga cgattttaca ggctgcgtga tcgcttggaa ctctaacaat 1320 

cttgattcta aagttggtgg gaattataac tatctatatc gtctcttcag aaaatctaac 1380 

ctcaagccct ttgagcggga tataagcaca gaaatctatc aggctgggtc tactccttgc 1440 

aatggtgtcg aaggtttcaa ttgctacttt ccactgcaat cctacggctt tcaacctaca 1500 

aatggtgtcg gttatcaacc gtatagagtt gttgtgctct cctttgagtt gctacacgct 1560 

cctgccacgg tttgtggacc caagaagtca acgaatctgg tgaagaataa atgcgtcaat 1620 

tttaatttta acggacttac ggggactggc gttctcaccg aatccaataa gaagttcctt 1680 

ccattccagc aatttggccg cgatatcgcc gatacaacag acgctgtcag agatccacaa 1740 

accttggaga tcttggatat tacaccatgc tctttcggcg gggtatcagt aatcacgccg 1800 

gggacaaata catccaatca ggttgccgta ttgtatcagg atgtgaactg caccgaggtc 1860 

cctgttgcca tacatgccga tcagttgact ccgacttggc gggtgtattc tacagggtct 1920 

aatgtatttc aaaccagagc aggatgcctc atcggtgccg aacatgttaa taattcatat 1980 

gagtgtgata tccccatagg agcaggcatt tgtgcatcct accaaactca gaccaactca 2040 

ccaagacggg cccggtctgt ggcgtcccag tccataattg cctacacaat gagtcttgga 2100 

gccgaaaact cagttgccta ttccaacaac tccatcgcta tccccacgaa ttttacaatc 2160 

tcagttacca ctgaaatcct gcccgtatct atgacaaaga caagtgttga ttgcacaatg 2220 

tatatctgcg gggactctac tgagtgctca aatctgctgc tacagtacgg tagcttttgt 2280 

actcagctaa atcgcgcact caccgggatt gctgtagaac aagacaagaa tacacaagag 2340 
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gttttcgccc aagtgaaaca aatatacaaa acgcccccta taaaagactt cggtggtttt 2400 

aactttagcc agattttgcc ggatccatcc aaaccatcta agcgctcttt cattgaagat 2460 

ctcctgttca acaaagttac attggcggac gcaggtttca ttaagcaata tggggattgc 2520 

cttggggata tcgcagcgcg ggatctgatt tgtgcccaga agttcaatgg tctgacggtt 2580 

ctgccacccc tactcaccga tgaaatgatc gcgcaatata ccagcgctct tctggcaggt 2640 

accatcactt ccggctggac cttcggagcc ggcgccgcac ttcaaatccc tttcgccatg 2700 

caaatggcat atagatttaa tggcatcggt gtcacccaaa acgtattgta tgagaaccaa 2760 

aagctgattg ccaatcaatt taatagcgca attggtaaaa tacaagacag cctgagcagt 2820 

acggcaagcg cactcgggaa gcttcaagat gtagttaatc agaatgctca ggctttgaat 2880 

actcttgtga aacaactctc ttccaatttt ggcgccatct catctgtgct caacgacatt 2940 

ctttcccgac tcgataaggt ggaagctgaa gttcaaatcg atcggctcat tacaggcaga 3000 

ctgcagtctc tccaaaccta cgtcacccag caactgatta gggcggcaga aattcgcgct 3060 

tctgcaaatc ttgcagccac aaagatgagc gagtgtgtcc tgggccaatc aaagcgcgtc 3120 

gacttttgcg gaaaggggta tcatctcatg agctttccac aatcagcccc acatggagtt 3180 

gtctttctcc atgtaacgta cgtccctgct caggaaaaga atttcaccac agccccagct 3240 

atttgccatg acggaaaggc tcacttccca cgtgaaggcg tatttgtatc aaatggcacc 3300 

cactggttcg tcacccaacg taacttttac gagcctcaga ttatcaccac ggataacacg 3360 

ttcgtcagcg ggaattgtga tgtagtcatt ggtattgtca ataataccgt gtatgatccc 3420 

cttcaacccg aattggactc ctttaaagaa gaactcgaca aatactttaa gaaccatacg 3480 

tcccctgacg tggacctcgg tgacatttca ggcataaatg cctcagtggt gaacattcaa 3540 

aaggaaatcg ataggctgaa cgaagtggcc aagaatttga acgaaagttt gattgatctc 3600 

caagaactgg ggaaatacga acaatatata aaatggcctt ggtatatctg gcttggattt 3660 

atagcagggc ttattgctat tgtaatggtc actatcatgc tctgttgtat gacctcttgt 3720 

tgctcctgcc taaaaggatg ttgctcttgt gggtcctgct gcaaatttga cgaggatgac 3780 

agtgagccag tactgaaagg ggtcaagctc cattacacag gtggcggaca ccatcatcat 3840 

caccattaa 3849 

<210> SEQ ID NO 2 
<211> LENGTH, 1282 
<212> TYPE, PRT 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 spike amino acid sequence 

<400> SEQUENCE, 2 

Met Phe Val Phe Leu Val Leu Leu Pro Leu Val Ser Ser Gln Cys Val 
1 5 10 15 

Asn Leu Thr Thr Arg Thr Gln Leu Pro Pro Ala Tyr Thr Asn Ser Phe 
20 25 30 

Thr Arg Gly Val Tyr Tyr Pro Asp Lys Val Phe Arg Ser Ser Val Leu 
35 40 45 

His Ser Thr Gln Asp Leu Phe Leu Pro Phe Phe Ser Asn Val Thr Trp 
50 55 60 

Phe His Ala Ile His Val Ser Gly Thr Asn Gly Thr Lys Arg Phe Asp 
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65 70 75 80 

Asn Pro Val Leu Pro Phe Asn Asp Gly Val Tyr Phe Ala Ser Thr Glu 
85 90 95 

Lys Ser Asn Ile Ile Arg Gly Trp Ile Phe Gly Thr Thr Leu Asp Ser 
100 105 110 

Lys Thr Gln Ser Leu Leu Ile Val Asn Asn Ala Thr Asn Val Val Ile 
115 120 125 

Lys Val Cys Glu Phe Gln Phe Cys Asn Asp Pro Phe Leu Gly Val Tyr 
130 135 140 

Tyr His Lys Asn Asn Lys Ser Trp Met Glu Ser Glu Phe Arg Val Tyr 
145 150 155 160 

Ser Ser Ala Asn Asn Cys Thr Phe Glu Tyr Val Ser Gln Pro Phe Leu 
165 170 175 

Met Asp Leu Glu Gly Lys Gln Gly Asn Phe Lys Asn Leu Arg Glu Phe 
180 185 190 

Val Phe Lys Asn Ile Asp Gly Tyr Phe Lys Ile Tyr Ser Lys His Thr 
195 200 205 

Pro Ile Asn Leu Val Arg Asp Leu Pro Gln Gly Phe Ser Ala Leu Glu 
210 215 220 

Pro Leu Val Asp Leu Pro Ile Gly Ile Asn Ile Thr Arg Phe Gln Thr 
225 230 235 240 

Leu Leu Ala Leu His Arg Ser Tyr Leu Thr Pro Gly Asp Ser Ser Ser 
245 250 255 

Gly Trp Thr Ala Gly Ala Ala Ala Tyr Tyr Val Gly Tyr Leu Gln Pro 
260 265 270 

Arg Thr Phe Leu Leu Lys Tyr Asn Glu Asn Gly Thr Ile Thr Asp Ala 
275 280 285 

Val Asp Cys Ala Leu Asp Pro Leu Ser Glu Thr Lys Cys Thr Leu Lys 
290 295 300 

Ser Phe Thr Val Glu Lys Gly Ile Tyr Gln Thr Ser Asn Phe Arg Val 
305 310 315 320 

Gln Pro Thr Glu Ser Ile Val Arg Phe Pro Asn Ile Thr Asn Leu Cys 
325 330 335 

Pro Phe Gly Glu Val Phe Asn Ala Thr Arg Phe Ala Ser Val Tyr Ala 
340 345 350 

Trp Asn Arg Lys Arg Ile Ser Asn Cys Val Ala Asp Tyr Ser Val Leu 
355 360 365 

Tyr Asn Ser Ala Ser Phe Ser Thr Phe Lys Cys Tyr Gly Val Ser Pro 
370 375 380 

Thr Lys Leu Asn Asp Leu Cys Phe Thr Asn Val Tyr Ala Asp Ser Phe 
385 390 395 400 

Val Ile Arg Gly Asp Glu Val Arg Gln Ile Ala Pro Gly Gln Thr Gly 
405 410 415 

Lys Ile Ala Asp Tyr Asn Tyr Lys Leu Pro Asp Asp Phe Thr Gly Cys 
420 425 430 

Val Ile Ala Trp Asn Ser Asn Asn Leu Asp Ser Lys Val Gly Gly Asn 
435 440 445 

Tyr Asn Tyr Leu Tyr Arg Leu Phe Arg Lys Ser Asn Leu Lys Pro Phe 
450 455 460 

Glu Arg Asp Ile Ser Thr Glu Ile Tyr Gln Ala Gly Ser Thr Pro Cys 
465 470 475 480 
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Asn Gly Val Glu Gly Phe Asn Cys Tyr Phe Pro Leu Gln Ser Tyr Gly 
485 490 495 

Phe Gln Pro Thr Asn Gly Val Gly Tyr Gln Pro Tyr Arg Val Val Val 
500 505 510 

Leu Ser Phe Glu Leu Leu His Ala Pro Ala Thr Val Cys Gly Pro Lys 
515 520 525 

Lys Ser Thr Asn Leu Val Lys Asn Lys Cys Val Asn Phe Asn Phe Asn 
530 535 540 

Gly Leu Thr Gly Thr Gly Val Leu Thr Glu Ser Asn Lys Lys Phe Leu 
545 550 555 560 

Pro Phe Gln Gln Phe Gly Arg Asp Ile Ala Asp Thr Thr Asp Ala Val 
565 570 575 

Arg Asp Pro Gln Thr Leu Glu Ile Leu Asp Ile Thr Pro Cys Ser Phe 
580 585 590 

Gly Gly Val Ser Val Ile Thr Pro Gly Thr Asn Thr Ser Asn Gln Val 
595 600 605 

Ala Val Leu Tyr Gln Asp Val Asn Cys Thr Glu Val Pro Val Ala Ile 
610 615 620 

His Ala Asp Gln Leu Thr Pro Thr Trp Arg Val Tyr Ser Thr Gly Ser 
625 630 635 640 

Asn Val Phe Gln Thr Arg Ala Gly Cys Leu Ile Gly Ala Glu His Val 
645 650 655 

Asn Asn Ser Tyr Glu Cys Asp Ile Pro Ile Gly Ala Gly Ile Cys Ala 
660 665 670 

Ser Tyr Gln Thr Gln Thr Asn Ser Pro Arg Arg Ala Arg Ser Val Ala 
675 680 685 

Ser Gln Ser Ile Ile Ala Tyr Thr Met Ser Leu Gly Ala Glu Asn Ser 
690 695 700 

Val Ala Tyr Ser Asn Asn Ser Ile Ala Ile Pro Thr Asn Phe Thr Ile 
705 710 715 720 

Ser Val Thr Thr Glu Ile Leu Pro Val Ser Met Thr Lys Thr Ser Val 
725 730 735 

Asp Cys Thr Met Tyr Ile Cys Gly Asp Ser Thr Glu Cys Ser Asn Leu 
740 745 750 

Leu Leu Gln Tyr Gly Ser Phe Cys Thr Gln Leu Asn Arg Ala Leu Thr 
755 760 765 

Gly Ile Ala Val Glu Gln Asp Lys Asn Thr Gln Glu Val Phe Ala Gln 
770 775 780 

Val Lys Gln Ile Tyr Lys Thr Pro Pro Ile Lys Asp Phe Gly Gly Phe 
785 790 795 800 

Asn Phe Ser Gln Ile Leu Pro Asp Pro Ser Lys Pro Ser Lys Arg Ser 
805 810 815 

Phe Ile Glu Asp Leu Leu Phe Asn Lys Val Thr Leu Ala Asp Ala Gly 
820 825 830 

Phe Ile Lys Gln Tyr Gly Asp Cys Leu Gly Asp Ile Ala Ala Arg Asp 
835 840 845 

Leu Ile Cys Ala Gln Lys Phe Asn Gly Leu Thr Val Leu Pro Pro Leu 
850 855 860 

Leu Thr Asp Glu Met Ile Ala Gln Tyr Thr Ser Ala Leu Leu Ala Gly 
865 870 875 880 
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Thr Ile Thr Ser Gly Trp Thr Phe Gly Ala Gly Ala Ala Leu Gln Ile 
885 890 895 

Pro Phe Ala Met Gln Met Ala Tyr Arg Phe Asn Gly Ile Gly Val Thr 
900 905 910 

Gln Asn Val Leu Tyr Glu Asn Gln Lys Leu Ile Ala Asn Gln Phe Asn 
915 920 925 

Ser Ala Ile Gly Lys Ile Gln Asp Ser Leu Ser Ser Thr Ala Ser Ala 
930 935 940 

Leu Gly Lys Leu Gln Asp Val Val Asn Gln Asn Ala Gln Ala Leu Asn 
945 950 955 960 

Thr Leu Val Lys Gln Leu Ser Ser Asn Phe Gly Ala Ile Ser Ser Val 
965 970 975 

Leu Asn Asp Ile Leu Ser Arg Leu Asp Lys Val Glu Ala Glu Val Gln 
980 985 990 

Ile Asp Arg Leu Ile Thr Gly Arg Leu Gln Ser Leu Gln Thr Tyr Val 

Thr Gln 
1010 

Leu Ala 
1025 

Arg Val 
1040 

Gln Ser 
1055 

Pro Ala 
1070 

Asp Gly 
1085 

Gly Thr 
1100 

Ile Ile 
1115 

Val Ile 
1130 

Glu Leu 
1145 

His Thr 
1160 

Ala Ser 
1175 

Val Ala 
1190 

Gly Lys 
1205 

Gly Phe 
1220 

Leu Cys 
1235 

Ser Cys 
1250 

Val Leu 

995 1000 1005 

Gln Leu Ile Arg Ala 
1015 

Ala Thr Lys Met Ser 
1030 

Asp Phe Cys Gly Lys 
1045 

Ala Pro His Gly Val 
1060 

Gln Glu Lys Asn Phe 
1075 

Lys Ala His Phe Pro 
1090 

His Trp Phe Val Thr 
1105 

Thr Thr Asp Asn Thr 
1120 

Gly Ile Val Asn Asn 
1135 

Asp Ser Phe Lys Glu 
1150 

Ser Pro Asp Val Asp 
1165 

Val Val Asn Ile Gln 
1180 

Lys Asn Leu Asn Glu 
1195 

Tyr Glu Gln Tyr Ile 
1210 

Ile Ala Gly Leu Ile 
1225 

Cys Met Thr Ser Cys 
1240 

Gly Ser Cys Cys Lys 
1255 

Lys Gly Val Lys Leu 

Ala Glu Ile Arg Ala 
1020 

Glu Cys Val Leu Gly 
1035 

Gly Tyr His Leu Met 
1050 

Val Phe Leu His Val 
1065 

Thr Thr Ala Pro Ala 
1080 

Arg Glu Gly Val Phe 
1095 

Gln Arg Asn Phe Tyr 
1110 

Phe Val Ser Gly Asn 
1125 

Thr Val Tyr Asp Pro 
1140 

Glu Leu Asp Lys Tyr 
1155 

Leu Gly Asp Ile Ser 
1170 

Lys Glu Ile Asp Arg 
1185 

Ser Leu Ile Asp Leu 
1200 

Lys Trp Pro Trp Tyr 
1215 

Ala Ile Val Met Val 
1230 

Cys Ser Cys Leu Lys 
1245 

Phe Asp Glu Asp Asp 
1260 

His Tyr Thr Gly Gly 

Ser Ala Asn 

Gln Ser Lys 

Ser Phe Pro 

Thr Tyr Val 

Ile Cys His 

Val Ser Asn 

Glu Pro Gln 

Cys Asp Val 

Leu Gln Pro 

Phe Lys Asn 

Gly Ile Asn 

Leu Asn Glu 

Gln Glu Leu 

Ile Trp Leu 

Thr Ile Met 

Gly Cys Cys 

Ser Glu Pro 

Gly His His 

May 26, 2022 



US 2022/0160822 Al 

1265 

His His His His 
1280 

<210> SEQ ID NO 3 
<211> LENGTH, 3666 
<212> TYPE, DNA 

1270 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

23 

-continued 

1275 

<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 truncated spike 
nucleotide sequence 

<400> SEQUENCE, 3 

atgtttgtgt tcctggtact cctaccgctg gtgagctccc aatgcgtcaa tctcacgact 60 

aggacacaac tcccacccgc ctacacgaac tcttttacaa ggggtgtata ctaccctgac 120 

aaggtgttcc gcagcagcgt gctacatagc actcaagatt tgtttctgcc cttcttctct 180 

aacgtaacat ggttccatgc gatacatgta tctggtacca atggaacaaa acggtttgat 240 

aacccagttc tcccgtttaa tgatggagtt tactttgcat ccactgaaaa gtctaatata 300 

atacgcggat ggattttcgg cacaacactg gatagtaaga cccagagtct gcttattgtc 360 

aataacgcca ctaacgtggt gattaaggtg tgtgagtttc aattctgtaa tgacccattt 420 

ctcggggttt actaccataa gaacaataag agctggatgg aatcagaatt tagagtttat 480 

agcagcgcaa acaattgcac atttgaatac gtttctcaac cctttctgat ggatctcgaa 540 

ggaaaacaag ggaactttaa gaacctcagg gaatttgtct tcaagaacat agatgggtac 600 

ttcaaaattt acagcaagca tacaccaatt aacttggtta gagacctgcc ccagggattt 660 

tctgcacttg aacccttggt tgacttgcct atcggcatta atattactcg atttcaaact 720 

ctgctcgctt tgcaccgcag ctacctgaca ccgggagact cctctagtgg ctggaccgca 780 

ggagcagctg catattatgt gggttatctc caacccagaa catttctgct aaagtacaac 840 

gaaaatggga caatcaccga tgcggtcgac tgcgcattgg atcccctatc cgagactaag 900 

tgtactttga agagctttac cgtggaaaag gggatctatc aaacttccaa ctttcgggtg 960 

caaccgaccg aaagcatcgt tagatttccc aatatcacca acttgtgtcc ctttggcgaa 1020 

gttttcaacg ctactcgctt tgcaagtgtc tatgcttgga atagaaagag gataagcaac 1080 

tgcgtcgctg actattctgt tctgtataac tctgcgagct tttcaacttt caaatgctat 1140 

ggggtctccc caaccaagct taatgacttg tgcttcacta acgtttatgc agatagcttc 1200 

gtcatacggg gcgatgaagt gcggcaaatc gcgccaggac aaacaggtaa gatcgccgac 1260 

tacaactata aactgccaga cgattttaca ggctgcgtga tcgcttggaa ctctaacaat 1320 

cttgattcta aagttggtgg gaattataac tatctatatc gtctcttcag aaaatctaac 1380 

ctcaagccct ttgagcggga tataagcaca gaaatctatc aggctgggtc tactccttgc 1440 

aatggtgtcg aaggtttcaa ttgctacttt ccactgcaat cctacggctt tcaacctaca 1500 

aatggtgtcg gttatcaacc gtatagagtt gttgtgctct cctttgagtt gctacacgct 1560 

cctgccacgg tttgtggacc caagaagtca acgaatctgg tgaagaataa atgcgtcaat 1620 

tttaatttta acggacttac ggggactggc gttctcaccg aatccaataa gaagttcctt 1680 

ccattccagc aatttggccg cgatatcgcc gatacaacag acgctgtcag agatccacaa 1740 

accttggaga tcttggatat tacaccatgc tctttcggcg gggtatcagt aatcacgccg 1800 
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gggacaaata catccaatca ggttgccgta ttgtatcagg atgtgaactg caccgaggtc 1860 

cctgttgcca tacatgccga tcagttgact ccgacttggc gggtgtattc tacagggtct 1920 

aatgtatttc aaaccagagc aggatgcctc atcggtgccg aacatgttaa taattcatat 1980 

gagtgtgata tccccatagg agcaggcatt tgtgcatcct accaaactca gaccaactca 2040 

ccaagacggg cccggtctgt ggcgtcccag tccataattg cctacacaat gagtcttgga 2100 

gccgaaaact cagttgccta ttccaacaac tccatcgcta tccccacgaa ttttacaatc 2160 

tcagttacca ctgaaatcct gcccgtatct atgacaaaga caagtgttga ttgcacaatg 2220 

tatatctgcg gggactctac tgagtgctca aatctgctgc tacagtacgg tagcttttgt 2280 

actcagctaa atcgcgcact caccgggatt gctgtagaac aagacaagaa tacacaagag 2340 

gttttcgccc aagtgaaaca aatatacaaa acgcccccta taaaagactt cggtggtttt 2400 

aactttagcc agattttgcc ggatccatcc aaaccatcta agcgctcttt cattgaagat 2460 

ctcctgttca acaaagttac attggcggac gcaggtttca ttaagcaata tggggattgc 2520 

cttggggata tcgcagcgcg ggatctgatt tgtgcccaga agttcaatgg tctgacggtt 2580 

ctgccacccc tactcaccga tgaaatgatc gcgcaatata ccagcgctct tctggcaggt 2640 

accatcactt ccggctggac cttcggagcc ggcgccgcac ttcaaatccc tttcgccatg 2700 

caaatggcat atagatttaa tggcatcggt gtcacccaaa acgtattgta tgagaaccaa 2760 

aagctgattg ccaatcaatt taatagcgca attggtaaaa tacaagacag cctgagcagt 2820 

acggcaagcg cactcgggaa gcttcaagat gtagttaatc agaatgctca ggctttgaat 2880 

actcttgtga aacaactctc ttccaatttt ggcgccatct catctgtgct caacgacatt 2940 

ctttcccgac tcgataaggt ggaagctgaa gttcaaatcg atcggctcat tacaggcaga 3000 

ctgcagtctc tccaaaccta cgtcacccag caactgatta gggcggcaga aattcgcgct 3060 

tctgcaaatc ttgcagccac aaagatgagc gagtgtgtcc tgggccaatc aaagcgcgtc 3120 

gacttttgcg gaaaggggta tcatctcatg agctttccac aatcagcccc acatggagtt 3180 

gtctttctcc atgtaacgta cgtccctgct caggaaaaga atttcaccac agccccagct 3240 

atttgccatg acggaaaggc tcacttccca cgtgaaggcg tatttgtatc aaatggcacc 3300 

cactggttcg tcacccaacg taacttttac gagcctcaga ttatcaccac ggataacacg 3360 

ttcgtcagcg ggaattgtga tgtagtcatt ggtattgtca ataataccgt gtatgatccc 3420 

cttcaacccg aattggactc ctttaaagaa gaactcgaca aatactttaa gaaccatacg 3480 

tcccctgacg tggacctcgg tgacatttca ggcataaatg cctcagtggt gaacattcaa 3540 

aaggaaatcg ataggctgaa cgaagtggcc aagaatttga acgaaagttt gattgatctc 3600 

caagaactgg ggaaatacga acaatatata aaatggggtg gcggacacca tcatcatcac 3660 

cattaa 3666 

<210> SEQ ID NO 4 
<211> LENGTH, 1221 
<212> TYPE, PRT 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 truncated spike amino 

acid sequence 

<400> SEQUENCE, 4 

Met Phe Val Phe Leu Val Leu Leu Pro Leu Val Ser Ser Gln Cys Val 
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10 15 

Asn Leu Thr Thr Arg Thr Gln Leu Pro Pro Ala Tyr Thr Asn Ser Phe 
20 25 30 

Thr Arg Gly Val Tyr Tyr Pro Asp Lys Val Phe Arg Ser Ser Val Leu 
35 40 45 

His Ser Thr Gln Asp Leu Phe Leu Pro Phe Phe Ser Asn Val Thr Trp 
50 55 60 

Phe His Ala Ile His Val Ser Gly Thr Asn Gly Thr Lys Arg Phe Asp 
65 70 75 80 

Asn Pro Val Leu Pro Phe Asn Asp Gly Val Tyr Phe Ala Ser Thr Glu 
85 90 95 

Lys Ser Asn Ile Ile Arg Gly Trp Ile Phe Gly Thr Thr Leu Asp Ser 
100 105 110 

Lys Thr Gln Ser Leu Leu Ile Val Asn Asn Ala Thr Asn Val Val Ile 
115 120 125 

Lys Val Cys Glu Phe Gln Phe Cys Asn Asp Pro Phe Leu Gly Val Tyr 
130 135 140 

Tyr His Lys Asn Asn Lys Ser Trp Met Glu Ser Glu Phe Arg Val Tyr 
145 150 155 160 

Ser Ser Ala Asn Asn Cys Thr Phe Glu Tyr Val Ser Gln Pro Phe Leu 
165 170 175 

Met Asp Leu Glu Gly Lys Gln Gly Asn Phe Lys Asn Leu Arg Glu Phe 
180 185 190 

Val Phe Lys Asn Ile Asp Gly Tyr Phe Lys Ile Tyr Ser Lys His Thr 
195 200 205 

Pro Ile Asn Leu Val Arg Asp Leu Pro Gln Gly Phe Ser Ala Leu Glu 
210 215 220 

Pro Leu Val Asp Leu Pro Ile Gly Ile Asn Ile Thr Arg Phe Gln Thr 
225 230 235 240 

Leu Leu Ala Leu His Arg Ser Tyr Leu Thr Pro Gly Asp Ser Ser Ser 
245 250 255 

Gly Trp Thr Ala Gly Ala Ala Ala Tyr Tyr Val Gly Tyr Leu Gln Pro 
260 265 270 

Arg Thr Phe Leu Leu Lys Tyr Asn Glu Asn Gly Thr Ile Thr Asp Ala 
275 280 285 

Val Asp Cys Ala Leu Asp Pro Leu Ser Glu Thr Lys Cys Thr Leu Lys 
290 295 300 

Ser Phe Thr Val Glu Lys Gly Ile Tyr Gln Thr Ser Asn Phe Arg Val 
305 310 315 320 

Gln Pro Thr Glu Ser Ile Val Arg Phe Pro Asn Ile Thr Asn Leu Cys 
325 330 335 

Pro Phe Gly Glu Val Phe Asn Ala Thr Arg Phe Ala Ser Val Tyr Ala 
340 345 350 

Trp Asn Arg Lys Arg Ile Ser Asn Cys Val Ala Asp Tyr Ser Val Leu 
355 360 365 

Tyr Asn Ser Ala Ser Phe Ser Thr Phe Lys Cys Tyr Gly Val Ser Pro 
370 375 380 

Thr Lys Leu Asn Asp Leu Cys Phe Thr Asn Val Tyr Ala Asp Ser Phe 
385 390 395 400 

Val Ile Arg Gly Asp Glu Val Arg Gln Ile Ala Pro Gly Gln Thr Gly 
405 410 415 
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Lys Ile Ala Asp Tyr Asn Tyr Lys Leu Pro Asp Asp Phe Thr Gly Cys 
420 425 430 

Val Ile Ala Trp Asn Ser Asn Asn Leu Asp Ser Lys Val Gly Gly Asn 
435 440 445 

Tyr Asn Tyr Leu Tyr Arg Leu Phe Arg Lys Ser Asn Leu Lys Pro Phe 
450 455 460 

Glu Arg Asp Ile Ser Thr Glu Ile Tyr Gln Ala Gly Ser Thr Pro Cys 
465 470 475 480 

Asn Gly Val Glu Gly Phe Asn Cys Tyr Phe Pro Leu Gln Ser Tyr Gly 
485 490 495 

Phe Gln Pro Thr Asn Gly Val Gly Tyr Gln Pro Tyr Arg Val Val Val 
500 505 510 

Leu Ser Phe Glu Leu Leu His Ala Pro Ala Thr Val Cys Gly Pro Lys 
515 520 525 

Lys Ser Thr Asn Leu Val Lys Asn Lys Cys Val Asn Phe Asn Phe Asn 
530 535 540 

Gly Leu Thr Gly Thr Gly Val Leu Thr Glu Ser Asn Lys Lys Phe Leu 
545 550 555 560 

Pro Phe Gln Gln Phe Gly Arg Asp Ile Ala Asp Thr Thr Asp Ala Val 
565 570 575 

Arg Asp Pro Gln Thr Leu Glu Ile Leu Asp Ile Thr Pro Cys Ser Phe 
580 585 590 

Gly Gly Val Ser Val Ile Thr Pro Gly Thr Asn Thr Ser Asn Gln Val 
595 600 605 

Ala Val Leu Tyr Gln Asp Val Asn Cys Thr Glu Val Pro Val Ala Ile 
610 615 620 

His Ala Asp Gln Leu Thr Pro Thr Trp Arg Val Tyr Ser Thr Gly Ser 
625 630 635 640 

Asn Val Phe Gln Thr Arg Ala Gly Cys Leu Ile Gly Ala Glu His Val 
645 650 655 

Asn Asn Ser Tyr Glu Cys Asp Ile Pro Ile Gly Ala Gly Ile Cys Ala 
660 665 670 

Ser Tyr Gln Thr Gln Thr Asn Ser Pro Arg Arg Ala Arg Ser Val Ala 
675 680 685 

Ser Gln Ser Ile Ile Ala Tyr Thr Met Ser Leu Gly Ala Glu Asn Ser 
690 695 700 

Val Ala Tyr Ser Asn Asn Ser Ile Ala Ile Pro Thr Asn Phe Thr Ile 
705 710 715 720 

Ser Val Thr Thr Glu Ile Leu Pro Val Ser Met Thr Lys Thr Ser Val 
725 730 735 

Asp Cys Thr Met Tyr Ile Cys Gly Asp Ser Thr Glu Cys Ser Asn Leu 
740 745 750 

Leu Leu Gln Tyr Gly Ser Phe Cys Thr Gln Leu Asn Arg Ala Leu Thr 
755 760 765 

Gly Ile Ala Val Glu Gln Asp Lys Asn Thr Gln Glu Val Phe Ala Gln 
770 775 780 

Val Lys Gln Ile Tyr Lys Thr Pro Pro Ile Lys Asp Phe Gly Gly Phe 
785 790 795 800 

Asn Phe Ser Gln Ile Leu Pro Asp Pro Ser Lys Pro Ser Lys Arg Ser 
805 810 815 
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Phe Ile Glu Asp Leu Leu Phe Asn Lys Val Thr Leu Ala Asp Ala Gly 
820 825 830 

Phe Ile Lys Gln Tyr Gly Asp Cys Leu Gly Asp Ile Ala Ala Arg Asp 
835 840 845 

Leu Ile Cys Ala Gln Lys Phe Asn Gly Leu Thr Val Leu Pro Pro Leu 
850 855 860 

Leu Thr Asp Glu Met Ile Ala Gln Tyr Thr Ser Ala Leu Leu Ala Gly 
865 870 875 880 

Thr Ile Thr Ser Gly Trp Thr Phe Gly Ala Gly Ala Ala Leu Gln Ile 
885 890 895 

Pro Phe Ala Met Gln Met Ala Tyr Arg Phe Asn Gly Ile Gly Val Thr 
900 905 910 

Gln Asn Val Leu Tyr Glu Asn Gln Lys Leu Ile Ala Asn Gln Phe Asn 
915 920 925 

Ser Ala Ile Gly Lys Ile Gln Asp Ser Leu Ser Ser Thr Ala Ser Ala 
930 935 940 

Leu Gly Lys Leu Gln Asp Val Val Asn Gln Asn Ala Gln Ala Leu Asn 
945 950 955 960 

Thr Leu Val Lys Gln Leu Ser Ser Asn Phe Gly Ala Ile Ser Ser Val 
965 970 975 

Leu Asn Asp Ile Leu Ser Arg Leu Asp Lys Val Glu Ala Glu Val Gln 
980 985 990 

Ile Asp Arg Leu Ile Thr Gly Arg Leu Gln Ser Leu Gln Thr Tyr Val 

Thr Gln 
1010 

Leu Ala 
1025 

Arg Val 
1040 

Gln Ser 
1055 

Pro Ala 
1070 

Asp Gly 
1085 

Gly Thr 
1100 

Ile Ile 
1115 

Val Ile 
1130 

Glu Leu 
1145 

His Thr 
1160 

Ala Ser 
1175 

Val Ala 
1190 

Gly Lys 

995 1000 1005 

Gln Leu Ile Arg Ala 
1015 

Ala Thr Lys Met Ser 
1030 

Asp Phe Cys Gly Lys 
1045 

Ala Pro His Gly Val 
1060 

Gln Glu Lys Asn Phe 
1075 

Lys Ala His Phe Pro 
1090 

His Trp Phe Val Thr 
1105 

Thr Thr Asp Asn Thr 
1120 

Gly Ile Val Asn Asn 
1135 

Asp Ser Phe Lys Glu 
1150 

Ser Pro Asp Val Asp 
1165 

Val Val Asn Ile Gln 
1180 

Lys Asn Leu Asn Glu 
1195 

Tyr Glu Gln Tyr Ile 

Ala Glu Ile Arg Ala 
1020 

Glu Cys Val Leu Gly 
1035 

Gly Tyr His Leu Met 
1050 

Val Phe Leu His Val 
1065 

Thr Thr Ala Pro Ala 
1080 

Arg Glu Gly Val Phe 
1095 

Gln Arg Asn Phe Tyr 
1110 

Phe Val Ser Gly Asn 
1125 

Thr Val Tyr Asp Pro 
1140 

Glu Leu Asp Lys Tyr 
1155 

Leu Gly Asp Ile Ser 
1170 

Lys Glu Ile Asp Arg 
1185 

Ser Leu Ile Asp Leu 
1200 

Lys Trp Gly Gly Gly 

Ser Ala Asn 

Gln Ser Lys 

Ser Phe Pro 

Thr Tyr Val 

Ile Cys His 

Val Ser Asn 

Glu Pro Gln 

Cys Asp Val 

Leu Gln Pro 

Phe Lys Asn 

Gly Ile Asn 

Leu Asn Glu 

Gln Glu Leu 

His His His 

May 26, 2022 



US 2022/0160822 Al 

1205 

His His His 
1220 

<210> SEQ ID NO 5 
<211> LENGTH, 1287 
<212> TYPE, DNA 

1210 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

28 

-continued 

1215 

<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 nucleocapsid nucleotide 
sequence 

<400> SEQUENCE, 5 

atgagcgata acggacccca 

tccgactcta caggttctaa 

aggcctcaag gtctgccaaa 

aaagaggatc tgaaattccc 

gatgatcaaa ttggatacta 

atgaaggacc ttagtccaag 

ttgccctatg gtgccaataa 

actcccaagg accacatagg 

ctcccccaag gcaccaccct 

caggcttcat ccaggagttc 

tctagtaggg gtactagtcc 

ctgttgttgc tggatagact 

cagcaaggac aaacggttac 

aagcgcactg ccaccaaagc 

caaacacaag gcaattttgg 

tggccccaaa ttgcacaatt 

ggaatggaag ttacacccag 

gataaggatc cgaattttaa 

aaaacctttc ccccgactga 

gcgctgccgc aaagacaaaa 

gacgatttta gtaaacaact 

ggcgggcacc accatcatca 

<210> SEQ ID NO 6 
<211> LENGTH, 428 
<212> TYPE, PRT 

gaaccaacgt aacgcccctc 

tcaaaacggg gagcgaagcg 

caacactgct tcttggttca 

ccgaggacaa ggggtaccga 

caggcgcgcc acccggagaa 

atggtacttt tattacttgg 

ggacggaatt atttgggtgg 

tactcggaat cctgctaata 

acccaagggc ttttatgccg 

tagtcgctct cgcaactcat 

cgcccgaatg gccggcaatg 

caatcagctc gaaagtaaga 

caagaaaagc gcagcagagg 

ttacaacgtg acacaggcct 

agatcaggaa cttataaggc 

tgccccatcc gcttctgcat 

tggcacctgg ctcacatata 

ggaccaggtg atcctgttga 

acctaagaaa gacaagaaga 

gaaacaacaa accgttacgc 

ccaacaaagc atgtctagcg 

tcactga 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

gcattacttt tggcgggcct 60 

gggcacgcag caagcaacgc 120 

ctgctctcac tcaacatggc 180 

tcaatactaa ctcctctccc 240 

ttcgcggcgg agacgggaaa 300 

ggaccggacc ggaagctggc 360 

cgacagaggg cgctctgaat 420 

atgccgccat cgtgttgcag 480 

aggggtcccg cggcgggagc 540 

cccgcaactc cacccctggc 600 

gcggagacgc tgccctagcg 660 

tgtccggcaa aggacaacag 720 

caagtaagaa acccaggcaa 780 

ttggtcgcag aggacccgaa 840 

aaggaacaga ctataagcat 900 

tcttcggtat gagtaggatt 960 

caggcgctat caagcttgat 1020 

acaaacatat agacgcttat 1080 

agaaagctga tgaaactcaa 1140 

tcctgccagc agctgacctg 1200 

ccgatagtac tcaggctggc 1260 

1287 

<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 nucleocapsid amino acid 
sequence 

<400> SEQUENCE, 

Met Ser Asp Asn Gly Pro Gln Asn Gln Arg Asn Ala Pro Arg Ile Thr 
1 5 10 15 

Phe Gly Gly Pro Ser Asp Ser Thr Gly Ser Asn Gln Asn Gly Glu Arg 
20 25 30 
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-continued 

Ser Gly Ala Arg Ser Lys Gln Arg Arg Pro Gln Gly Leu Pro Asn Asn 
35 40 45 

Thr Ala Ser Trp Phe Thr Ala Leu Thr Gln His Gly Lys Glu Asp Leu 
50 55 60 

Lys Phe Pro Arg Gly Gln Gly Val Pro Ile Asn Thr Asn Ser Ser Pro 
65 70 75 80 

Asp Asp Gln Ile Gly Tyr Tyr Arg Arg Ala Thr Arg Arg Ile Arg Gly 
85 90 95 

Gly Asp Gly Lys Met Lys Asp Leu Ser Pro Arg Trp Tyr Phe Tyr Tyr 
100 105 110 

Leu Gly Thr Gly Pro Glu Ala Gly Leu Pro Tyr Gly Ala Asn Lys Asp 
115 120 125 

Gly Ile Ile Trp Val Ala Thr Glu Gly Ala Leu Asn Thr Pro Lys Asp 
130 135 140 

His Ile Gly Thr Arg Asn Pro Ala Asn Asn Ala Ala Ile Val Leu Gln 
145 150 155 160 

Leu Pro Gln Gly Thr Thr Leu Pro Lys Gly Phe Tyr Ala Glu Gly Ser 
165 170 175 

Arg Gly Gly Ser Gln Ala Ser Ser Arg Ser Ser Ser Arg Ser Arg Asn 
180 185 190 

Ser Ser Arg Asn Ser Thr Pro Gly Ser Ser Arg Gly Thr Ser Pro Ala 
195 200 205 

Arg Met Ala Gly Asn Gly Gly Asp Ala Ala Leu Ala Leu Leu Leu Leu 
210 215 220 

Asp Arg Leu Asn Gln Leu Glu Ser Lys Met Ser Gly Lys Gly Gln Gln 
225 230 235 240 

Gln Gln Gly Gln Thr Val Thr Lys Lys Ser Ala Ala Glu Ala Ser Lys 
245 250 255 

Lys Pro Arg Gln Lys Arg Thr Ala Thr Lys Ala Tyr Asn Val Thr Gln 
260 265 270 

Ala Phe Gly Arg Arg Gly Pro Glu Gln Thr Gln Gly Asn Phe Gly Asp 
275 280 285 

Gln Glu Leu Ile Arg Gln Gly Thr Asp Tyr Lys His Trp Pro Gln Ile 
290 295 300 

Ala Gln Phe Ala Pro Ser Ala Ser Ala Phe Phe Gly Met Ser Arg Ile 
305 310 315 320 

Gly Met Glu Val Thr Pro Ser Gly Thr Trp Leu Thr Tyr Thr Gly Ala 
325 330 335 

Ile Lys Leu Asp Asp Lys Asp Pro Asn Phe Lys Asp Gln Val Ile Leu 
340 345 350 

Leu Asn Lys His Ile Asp Ala Tyr Lys Thr Phe Pro Pro Thr Glu Pro 
355 360 365 

Lys Lys Asp Lys Lys Lys Lys Ala Asp Glu Thr Gln Ala Leu Pro Gln 
370 375 380 

Arg Gln Lys Lys Gln Gln Thr Val Thr Leu Leu Pro Ala Ala Asp Leu 
385 390 395 400 

Asp Asp Phe Ser Lys Gln Leu Gln Gln Ser Met Ser Ser Ala Asp Ser 
405 410 415 

Thr Gln Ala Gly Gly Gly His His His His His His 
420 425 
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-continued 

<210> SEQ ID NO 7 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 NF 

<400> SEQUENCE, 7 

gaccccaaaa tcagcgaaat 

<210> SEQ ID NO 8 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, Synthetic- SARS-CoV-2 N R 

<400> SEQUENCE, 8 

tctggttact gccagttgaa tctg 

1. A vaccine composition comprising an adjuvant and a 
polynucleotide that encodes a SARs-Co V-2 spike (S) protein 
or portion thereof, a SARs-Co V-2 nucleocapsid (N) protein, 
or both the S protein and the N protein, wherein the adjuvant 
comprises disaggregated spherical nanostructures compris
ing Quil-A and chitosan, and wherein the Quil-A and chi
tosan are present at a ratio between 1:15 and 1:100. 

2. The vaccine composition of claim 1, wherein the 
chitosan is functionalized by treatment with 5-formyl-2-
furan sulfonic acid and sodium borohydride, such that the 
chitosan surface is negatively charged. 

3. The vaccine composition of claim 1, wherein the 
spherical nanostructures are between about 5 nm and about 
100 nm in diameter in the absence of a payload molecule. 

4. The vaccine composition of claim 1, wherein the S 
protein comprises SEQ ID NO:2. 

5. The vaccine composition of claim 1, wherein the S 
protein consists of SEQ ID NO:4. 

6. The vaccine composition of claim 1, wherein the N 
protein comprises SEQ ID NO:6. 

7. (canceled) 
8. ( canceled) 
9. A vaccine composition comprising a viral vector, the 

viral vector comprising a polynucleotide encoding a SARs
Co V-2 spike (S) protein or a portion thereof, a SARs-Co V-2 
nucleocapsid (N) protein, or both the S protein and the N 
protein. 

10. The vaccine composition of claim 9, wherein the viral 
vector is selected from an adeno-associated virus or a 
poxvirus. 

11. The vaccine composition of claim 10, wherein the 
viral vector is a modified vaccinia Ankara (MVA) virus. 

12. The vaccine composition of claim 9, wherein the S 
protein comprises SEQ ID NO:2. 

13. The vaccine composition of claim 9, wherein the S 
protein consists of SEQ ID NO:4. 

14. The vaccine composition of claim 9, wherein the N 
protein comprises SEQ ID NO:6. 

15. (canceled) 
16. (canceled) 

20 

24 

17. A method of inducing an immune response against 
SARs-CoV-2 in a subject, the method comprising: admin
istering the vaccine composition of claim 1 in an amount 
effective to induce the immune response against at least one 
SARS-CoV-2 antigen in the subject. 

18. The method of claim 17, wherein the administration is 
by an intranasal route or an intramuscular route. 

19. (canceled) 
20. A method of inducing an immune response against a 

SARs-CoV-2 in a subject, the method comprising: 
a) administering a first vaccine composition comprising 

the vaccine composition of claim 1, and 
b) administering a second vaccine composition compris

ing the vaccine composition of claim 9, 
wherein administration of the first vaccine composition 

and the second vaccine composition induces the 
immune response against at least one SARS-CoV-2 
antigen in the subject. 

21. The method of claim 20, wherein administration of the 
second vaccine composition occurs at least three weeks after 
administration of the first vaccine composition. 

22. (canceled) 
23. (canceled) 
24. (canceled) 
25. The method of claim 20, wherein both the first vaccine 

composition and the second vaccine composition are admin
istered by an intranasal route. 

26. The method of claim 20, wherein both the first vaccine 
composition and the second vaccine composition are admin
istered by an intramuscular route. 

27. The method of claim 20, wherein the first vaccine 
composition is administered by an intranasal route and the 
second vaccine composition is administered by an intramus
cular route. 

28. The method of claim 20, wherein the first vaccine 
composition is administered by an intramuscular route and 
the second vaccine composition is administered by an intra
nasal route. 

29. (canceled) 
30. (canceled) 
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31. A method of inducing an immune response against 
SARs-CoV-2 in a subject, the method comprising: admin
istering the vaccine composition of claim 9 in an amount 
effective to induce the immune response against at least one 
SARS-CoV-2 antigen in the subject. 

* * * * * 
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