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SARS-CoV-2 Spike Stem Protein Nanoparticles Elicited Broad
ADCC and Robust Neutralization against Variants in Mice

Yao Ma, Ye Wang, Chunhong Dong, Gilbert X. Gonzalez, Wandi Zhu, Joo Kim, Lai Wei,

Sang-Moo Kang, and Bao-Zhong Wang*

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the
global pandemic. The virus is rapidly evolving, characterized by the emer-
gence of several major variants. Stable prefusion spike protein (Pre) is the
immunogen in current vaccines but is limited in protecting against different
variants. Here, the immune responses induced by the relatively conserved
stem subunit (S2) of spike protein versus Pre are investigated. Pre gener-

ates the most robust neutralization responses against SARS-CoV-2 variants

in vesicular stomatitis virus pseudovirus-based assessment but elicits less
antibody-dependent cellular cytotoxicity (ADCC) activity than S2. By contrast,
S2 induces the most balanced immunoglobulin G (IgG) antibodies with

potent and broad ADCC activity although produces weaker neutralization. The
immunogenicity of S2 and Pre improves by incorporating the two proteins into
double-layered protein nanoparticles. The resulting protein nanoparticles Pre/
S2 elicit higher neutralizing antibodies than Pre alone, and stronger ADCC
than S2 alone. Moreover, nanoparticles produce more potent and balanced
serum IgG antibodies than the corresponding soluble protein mixture, and the
immune responses are sustained for at least four months after the immuniza-
tion. Thus, the double-layered protein nanoparticles have the potential to be
developed into broader SARS-CoV-2 vaccines with excellent safety profiles.

first detected in September 2020 in south-
east England and has shown enhanced
transmissibility and increased mortality
compared with the original lineage.*’]
Moreover, B.1.351 (Beta, ) and P.1 (Gamma,
7) variants were first identified in South
Africa and Brazil, respectively, and partially
circumvented postinfection or vaccina-
tion immunity.* Subsequently, the novel
B.1.6172 (Delta, ¢) variant that emerged in
India spread quickly across the globe "]
as it displayed increased transmissibility
beyond B.1.1.7 and enhanced vaccine eva-
sion like B.1.351.2°2%1 The most heavily
mutated variant so far identified in
Botswana and named as B.1.1.529 (Omicron,
0), is rapidly becoming the dominant SARS-
CoV-2 virus circulating globally and joins
the World Health Organization (WHO) list
of variants of concern with Delta, Alpha,
Beta, and Gamma.[?28 Such variants with
striking antibody evasion and rapid trans-
mission even in fully vaccinated individuals

1. Introduction

Since later 2019, the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) pandemic has caused more than 5.7 million
death and continues to be a public health burden worldwide.(?
Vaccination is the most effective strategy to end the pandemic.
However, the continued emergence of variants and the resulting
increases in breakthrough infections compromise the protective
efficacy of current vaccines based on the original virus strain.
Since the initial SARS-CoV-2 reported in China, multiple vari-
ants have emerged worldwide.?l Notably, B.1.1.7 (Alpha, o) was
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present a critical threat to pandemic control
and disease treatment.[?>-]

The spike protein (S) is the preferred target antigen for vac-
cine development, based on its essential function and abun-
dant neutralizing epitopes.’®! S is a class I virus fusion pro-
tein including S1 and S2 subunits connected by a furin-like
cleavage site.[’”-3] With the receptor-binding domain (RBD), S1
recognizes and anchors the angiotensin-converting enzyme 2
(ACE2) on the host cellular membrane during viral infection.
The fusion peptide (FP) in the S2 subunit mediates the fusion
of the viral membrane with the cell membrane.’** Based on
the RBD and FP functions, S is transformed from the meta-
stable prefusion conformation to the stable postfusion confor-
mation during the S-protein-mediated viral cell entry through
structural rearrangement.*’]

Due to its integral role in infection, current messenger RNA
(mRNA) and nonreplicating viral vector vaccines have used
the stabilized prefusion conformation of S protein (Pre) as the
major antigen to induce potent humoral and cellular immune
responses.}*8 However, S-based vaccines face challenges
as mutations continue to emerge. Most mutations occur on
the relatively variable S1 subunit, the main target of vaccine-
induced neutralizing antibodies. For instance, the D614G muta-
tion exhibits enhanced replication and transmission during
viral spread and has supplanted the ancestral virus and appears
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in nearly all current variants. Furthermore, N501Y has appeared
in the Alpha, Beta, Gamma, Theta (P3, 6), Mu (B.1.621, p), and
Omicron variants’ RBD domain, increasing ACE2 affinity and
virus replication.*>> In addition, some other RBD mutations
like K417N/T (appeared in Beta, Gamma, and Delta sublineages
AY.1 and AY.2 variants), L452R (appeared in Epsilon, Kappa, and
Delta variants), and E484K (appeared in Beta, Gamma, Zeta,
Theta, Eta, and Mu variants) show reduced susceptibility to cur-
rent RBD monoclonal antibodies. 61852759

In contrast to S1, the membrane-proximal S2 stem subunit
is more conserved during evolution. Correspondingly, some
S2-specific human antibodies have effectively neutralized a
broad panel of beta-coronaviruses.®*-%3 Previous research has
identified a linear peptide in S2 as a potential vaccine candidate
for comprehensive protection against SARS-CoV-2 and vari-
ants.[*4 Therefore, S2 is a promising target for a SARS-CoV-2
universal vaccine, resembling the influenza hemagglutinin
stem subunit, which elicits broad immune protection against
different influenza viruses.[®>-8]

In light of the ongoing pandemic, the rapid accumulation
of mutations in S1, and the proliferation of variant strains,
the immunogenicity of conserved S2 was investigated and
compared to the wild-type S (Wt) and Pre in mice. We also
enhanced protein immunogenicity by generating double-lay-
ered protein nanoparticles with Pre cores and S2 shells. The
nonclinical safety studies of the protein nanoparticles were also
carried out in this study. The results demonstrated the potential
of the layered protein nanoparticles to be developed into a uni-
versal SARS-CoV-2 vaccine.

2. Result

2.1. Conservation of Spike Protein

The phylogram of seven different human coronaviruses (hCoVs)
spike proteins (Table S1, Supporting Information) is shown in
Figure 1A. The S1 and S2 phylograms (Figure 1B,C) were gener-
ated to compare their conservation (Figure 1D). Human CoVs have
the same position in the S1and S2 phylograms. However, the phy-
logenic distance in S2 is shorter than S1 and shows that S2 is more
conserved than S1 (Figure 1E). Although S2 (588 aa, residues 686—
1273) is smaller than S1 (672 aa, residues 14-685) in SARS-CoV-2,
there are more conserved amino acids in S2 (Figure S1 and Table
S2, Supporting Information). In addition, more mutations were
found in S1 when the major SARS-CoV-2 variants were compared
up to date (Table 1). The sequence analysis demonstrated that the
S2 protein has higher conservation between subgenus and dif-
ferent lineages, indicating the potential of S2-based universal vac-
cines for SARS-CoV-2, even the entire beta-coronavirus spectrum.

2.2. Construction, Purification, and Characterization
of Recombinant Proteins

SARS-CoV-2 trimeric Pre, Wt, and S2 with T4 fibritin trimeriza-
tion motif, HRV3C protease cleavage site, Twin Strep Tag, and
8x His-Tag compositions are shown in Figure 2A. After expres-
sion and purification, Coomassie blue staining and western
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blot analysis confirmed the recombinant proteins by their
molecular weights and binding activities to specific antibodies,
respectively (Figure 2B). The investigation revealed that Wt had
a metastable state due to the furin cleavage sites. Three bands
appeared in purified Wt, referring to full-length S, cleaved S1,
and S2 products. Meanwhile, both stable Pre and S2 showed a
single band after purification. Additionally, the trimers of non-
reduced recombinant protein samples were also identified by
Coomassie blue staining (Figure S2A, Supporting Information).

The RBD binding activity to ACE2 was analyzed after purifi-
cation. Notably, Pre and Wt were shown to have higher binding
activities than S2 to hACE2/293T cells by flow cytometry
(Figure 2C) and immunofluorescent assays (Figure 2E). The
results were consistent with outcomes observed in the enzyme-
linked immunosorbent assay (ELISA) when ACE2 protein was
used as the coating antigen (Figure 2D). Therefore, purified Pre
and Wt retained binding activity to ACE2. By contrast, S2 did
not show ACE2-binding activity.

2.3. Humoral and Cellular Immune Response after Recombinant
Protein Vaccination

To select the optimal antigen for subsequent protein nanopar-
ticle production and vaccine studies, the immunogenicity of
the recombinant proteins was investigated for antigen-specific
serum antibody titers by ELISA. Mouse groups were intramus-
cularly immunized twice at a 4-week interval with 1 ug of Pre,
Wt, and S2, respectively.

Two weeks post-boost-vaccination, comparable antibody
binding titers were observed in the Pre, Wt, and S2 groups to
Pre and Wt (Figure 3A,D). As expected, the S2 group showed
higher S2-specific antibody titers than the Pre and Wt groups
(Figure 3G). Notably, more IgGl antibodies than IgG2a anti-
bodies were elicited after the booster immunization in all
groups (Figure 3B,E,H), indicating that the recombinant pro-
tein immunization generated Th2-biased antibody responses.
However, S2 induced a significantly lower 1gG1/IgG2a ratio
than Pre and Wt (Figure 3C,F,I). Therefore, S2 induced more
balanced immunoglobulin G (IgG) antibodies than Pre and Wt
groups.

T-cell immune responses are an essential part of the host
immune response to viral clearance. All three proteins elicited
significantly high interleukin 4 (IL-4) secreting cell frequency
stimulated with S or S2 protein (Figure 4A). In addition, a
number of antigen-specific IgG antibody-secreting cells (ASCs)
in the bone marrow were tested 14 days post-boost-immuni-
zation by enzyme-linked immune absorbent spot (ELISPOT)
(Figure 4B). The S2 group showed significantly higher S2-spe-
cific ASC frequency than the Pre and Wt groups.

Antibody-dependent cellular cytotoxicity (ADCC) is an essen-
tial immune mechanism that limits and contains viral infec-
tions. After vaccination with recombinant proteins, S2 elic-
ited more efficient ADCC activity than Pre or Wt (Figure 4C).
Importantly, the S2 protein produced comparable serum ADCC
activity to multiple variants’ S proteins (Figure 4D).

Furthermore, neutralizing antibodies are critical to limiting
virus replication. To study these antibodies, vesicular stomatitis
virus (VSV)-based pseudoviruses expressing SARS-CoV-2 spike

© 2022 Wiley-VCH GmbH
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Figure 1. Phylogram and conservation of various S protein components. Phylogram of A) S, B) S1, and C) S2. The braces indicate classifications of
different hCoVs. D) The structure of a single S protomer with rotated up RBD (PDB 6VSB). The S1 and S2 are shown in yellow and green, respectively.
The dashed oval exhibits the N-terminal domain (NTD) and RBD. E) The S, ST, and S2 sequence conservation in comparison with SRAS-CoV-2.

proteins were used to analyze the neutralization of immune
sera (Figure 4E). Ultimately, the Pre group showed the highest
neutralizing antibody levels than Wt and S2 groups. Therefore,
the Pre group had the most robust ability to inhibit virus entry
based on the neutralization assay data, and the S2 group pro-
duced elicited significantly higher ADCC activity than other
groups, demonstrating that S2 conferred protection through
terminating infected cells rather than blocking cell infection.
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2.4. Characterization of Nanoparticles

To improve the immunogenicity, the Pre and S2 proteins
were fabricated into double-layered protein nanoparticles
by ethanol desolvation and 3,3’-dithiobis[sulfosuccinimidy
lpropionate] (DTSSP) cross-linking (Figure 5A). Nanopar-
ticle compositions of Pre/S2 (core/shell) were analyzed with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis

© 2022 Wiley-VCH GmbH
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Table 1. The spike protein mutation sites
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of SARS-CoV-2 variants. The information comes from outbreak.info (available online: https://outbreak.

SARS-  B.1.17 (o) B.1.351(B) P (y) P2({)  P3(8) B.1.427 (¢) B.1.525 () B.1.526 (1) B.1.617.1 B.1.617.2 C.37 (\) B.1.621 (1) BA.1(0)
CoV-2 (%) ©®)
S1 L5 LSF

S13 S13l

NTD L8 L18F
T19 TI9R
T20 T20N
P26 P26S
Q52 Q52R
A67 A67V A67V
H69 del69 del69 del69
V70 del70 del70 del70
G75 G75V
T76 T76!
D80 D80A
T95 T95! T95! T95!
D138 D138Y
G142 G142D
V143 del43
Y144 del44 del44 Y1445 del44
Y145 del145 del4s Y145N  del145
w152 W152C
E156 E156G
F157 dels7
R158 delsg
R190 R190S
N211 N211I
1212 del212
D215 D215G
R246 R246N
S247 del247
D253 D253G del253
G339 G339D
R346 R346K
S371 S371L
S373 S373P
S375 S375F

RBD K417 K417N Ka7T
1452 L452R L452R  L452R  1452Q
S477 S477N
T478 T478K T478K
E484 E484K  E484K  E484K  E484K E484K E484Q E484K  E484A
F490 F490S
Q493 Q493R
G496 G496S
Q498 Q498R
N501 N501Y  N501Y  N501Y N501Y N501Y  N501Y
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SARS- B.1.17 () B1351(B) P1(y) P2()  P3(6) B.I1.427 (¢) B.1.525 (n) B.1.526 (1) B.1.617.1 B.1.617.2 C37 (o) B.1.621(u) BAT (0)

CoV-2 () ©)

Y505 Y505H

T547 T547K

A570  A570D

D614  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G  D614G

H655 H655Y H655Y

Q677 Q677H

N679 N679K

P681 P68TH P68IH P6SIR  P68IR P681H  P681H
s2 A701 A701V

716 7161

D796 D796Y

N856 N856K

T859 T859N

F888 F88sL

D950 D950N D950N

Q954 Q954H

N969 N969K

1981 L981TF

$982  S982A

TI027 TI0271

E1092 E1092K

H1101 H1101Y

D118 DIII8H

V1176 VII76F  VII76F  VI176F

(SDS-PAGE) (Figure 5B). Morphological observation by trans-
mission electron microscopy (TEM) demonstrated the resulting
nanoparticles’ relatively spherical structures with irregular sur-
faces (Figure 5C). Pre/S2 (272.6 nm) was larger than Pre core
(210.8 nm) (Figure 5D). In addition, the resulting nanoparticles
showed an average zeta potential of —25 mV (Figure 5E), dem-
onstrating their stable colloidal features.

2.5. Immune Responses Generated by Double-Layered
Protein Nanoparticles

Antigen-specific serum antibody titers were determined by
ELISA two weeks after the booster vaccination. As shown in
Figure 6, nanoparticle groups (Nano) elicited higher IgG and
IgG isotype antibodies than soluble protein mixtures (Solu)
groups (Figure 6A,C). Notably, the ratios of IgGl/IgG2a
were significantly lower in Pre- and S2-coated Nano groups
(Figure 6B,D). Therefore, the higher and more balanced IgG
isotype antibody titers elicited in the Nano group indicated
stronger protection and less inflammation induction.

ADCC activity was analyzed with immune sera collected two
weeks post-boost-immunization (Figure 6E). The Nano group
generated significantly higher ADCC activity than other groups.
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Immune serum neutralization activity induced by double-
layered nanoparticles and soluble recombinant proteins was
analyzed by neutralizing VSV-based pseudovirus infectivity
(Figure S3A-D, Supporting Information). The 50% inhibi-
tory concentration (ICsy) of treatment groups indicated that
the Nano group elicited more effective neutralizing antibodies
than other groups against SARS-CoV-2, D614G, B.1.1.7, and
B.1.351 pseudovirus. Meanwhile, the Pre showed higher neu-
tralizing antibody levels than S2 against different pseudovi-
ruses (Figure 6F). Additionally, the Nano groups demonstrated
higher ICs, than the corresponding Solu groups (Figure S3F,
Supporting Information).

As can be seen, double-layered protein nanoparticles
enhanced serum neutralizing antibody titers and triggered
more balanced IgG subtypes. In addition, the Nano group gen-
erated higher ADCC activity than other groups.

We analyzed the immune responses four months (4M) after
the booster immunizations to evaluate the longevity of the
induced immunity. The Nano group demonstrated reduced
ADCC activities after four months (Figure S3E, Supporting
Information), and the 4M serum neutralization of SARS-
CoV-2 pseudoviruses (Figure S3F, Supporting Information)
declined compared with the 2W samples. Nonetheless, the
Nano groups showed higher neutralization in 4M immune

© 2022 Wiley-VCH GmbH
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Figure 2. Recombinant protein construction, identification, and activity. A) Diagrams of Wt, Pre, and S2 compositions. The furin cleavage site RRAR (residues
682-685) was replaced with GSAS in Pre, and the residues 986 and 987 were replaced with proline substitutions both in Pre and S2. The T4 fibritin trimerization
motif, HRV3C protease cleavage site, Twin Strep Tag, and 8xHis-Tag were added to the C-terminal of recombinant protein. B) Identification of purified recom-
binant proteins with Coomassie blue staining (CB Gel) and Western blot (W). The Pre and Wt were identified with both His-tag antibody and RBD antibody in
Western blot. S2 was identified via His-tag antibody. The binding activity between recombinant proteins and ACE2 protein expressed on 293T cells’ surfaces
was analyzed by C) flow cytometry and E) immunofluorescence with DyLight 488. D) The binding activity of recombinant proteins and ACE2 protein (n = 3).
Data are presented as mean + SD. The statistical significance was analyzed with one-way ANOVA followed by Tukey's test (*p < 0.05, **p < 0.01, **+*p < 0.001).

sera than their corresponding Solu groups in 2W (Figure S3F,

Supporting Information), indicating the effectiveness of pro-

tein nanoparticles in the induction of long-lasting antibody

responses.
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Metrics for side effects were analyzed to evaluate the safety of

the resulting double-layered nanoparticles. In the evaluations,
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Figure 3. The specific sera antibody titers of mice immunized with recombinant proteins. Sera collected two weeks after booster vaccination were ana-
lyzed for the specific serum IgG antibody titers against A) Pre, D) Wt, and G) S2. The 1gG isotype antibody titers and 1gG1/1gG2a isotype ratio were meas-
ured two weeks after the last vaccination with plates coated with B,C) Pre, E,F) Wt, and H,l) S2 (n=5). The data show the mean £ SD, expressed as log10
the highest dilution fold or log2 the ratio of 1gG1/IgG2a, analyzed with one-way ANOVA followed by Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001).

no apparent detrimental physical consequences or edema were
observed at the injection sites after the priming and boosting
immunizations with nanoparticles (Figure 7A and Figure S4A
(Supporting Information)). The body weight of immunized
mice remained stable for three days in groups vaccinated with
nanoparticles (Nano), soluble proteins (Solu), or phosphate-
buffered saline (PBS) (Figure 7B and Figure S4B (Supporting
Information)). Liver and kidney functions were evaluated by
levels of alanine transaminase (ALT) and creatinine, respectively
(Figure 7C,D and Figure S4C,D (Supporting Information)).
There was no significant change in ALT and creatinine during
the three-day windows after priming or boosting immunization.

Moreover, the major inflammatory cytokines IL-6 and tumor
necrosis factor alpha (TNF-¢) also remained level during this

Small 2022, 18, 2200836
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period (Figure 7E,F and Figure S4E,F (Supporting Informa-
tion)). Finally, no inflammation was observed in the muscle
tissue sections of the injection site after hematoxylin and eosin
(H&E) staining in either Nano, Solu, or PBS groups (Figure 7G
and Figure S4G (Supporting Information)). In this case, no
apparent side effects were found after priming or boosting
immunizations with double-layered protein nanoparticles.

3. Discussion

In 2002 and 2012, the lethal zoonotic beta coronavirus dis-
eases SARS-CoV and Middle East respiratory syndrome broke
out in human populations with 10% and 35% fatality rates,

© 2022 Wiley-VCH GmbH
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Figure 4. Cellular and humoral immune responses of vaccinated mice.

A) S- and S2-specific T-cell immune responses. S- and S2-stimulated 1L-4

secreting cell clones were analyzed 14 days after the booster immunization. B) Frequency of S- and S2-specific ASC per million bone marrow cells.
C) ADCC activity of recombinant proteins sera at 20% serum dilution after two weeks of booster immunization, SARS-CoV-2 S protein transiently

transfected HEK293T cells were used as target cells. D) S2 sera ADCC acti

vity against multiple variants’ S protein transiently transfected HEK293T cells.

E) Neutralization curves of pooled sera from five mice two weeks post-boost-immunization against VSV-SARS-CoV-2. Data are presented as mean +
SD (n = 3). The statistical significance was analyzed with one-way ANOVA followed by Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001).

respectively.®7?l More recently and more seriously, the cur-
rent SARS-CoV-2 pandemic has caused millions of deaths and
continues to be a significant pathogen of severe public health
burden.l'? The prefusion S protein has been used as the major
antigen in vaccines against this ongoing pandemic.3%#8l
However, as the number of infections continues to rise, more
and more variants have appeared and supplanted the ances-
tral virus. For this reason, the efficacy and protection of cur-
rent vaccines are under constant threat and need continuous
improvement.

In our work, Pre elicited the most efficient neutralization
against VSV-SARS-CoV-2, D614G, B.1.1.7, and B.1.351. The S1
subunit contains the primary neutralizing antibody epitopes.*°l
However, S1 is more variable than S2 (Table 1), with frequent
mutating sites across different coronavirus lineages. Frequently,
S1 mutations have enhanced the function of transmission or
partially circumvented immunity.*%) Recent studies have
proven that the Omicron variant has robustly escaped from the
current vaccines and therapeutic monoclonal antibodies. 293!

By contrast, S2 is more conserved and has fewer muta-
tions across lineages. Although S2-driven antibodies could
not inhibit the binding between ACE2 and viruses, S2-specific
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antibodies carried out effector functions through different
mechanisms with a broadly reactive spectrum. S2-specific anti-
body likely prevents S protein refolding from the prefusion to
the postfusion state and blocks viral entry.’?l Indeed, our data
confirmed that S2 stem induced effective antibody neutraliza-
tion against different variants. Additionally, mouse IgG2a is
known to mediate ADCC through activation of mFcyRIV. With
the higher IgG2a titer, S2 elicited significantly stronger ADCC
activity than other groups against multiple variants’ S protein,
including the most heavily mutated variant B.1.1.529. Like-
wise, strong cellular immune responses were also detected
in the S2 groups after the booster immunizations. In effect,
this work shows that the S2 stem subunit could be a potential
antigen for a SARS-CoV-2 universal vaccine against unpredict-
able variants.

The nanoparticle platform displayed improved antigen-pre-
senting cell uptake, enhanced cellular and humoral immune
responses, and reduced antigen proteolytic degradation.”7’!
Some nanoparticle designs for covid-19 have already been vali-
dated at the clinical stage.*3! To improve the immunogenicity
of Pre and S2, the two proteins were incorporated into double-
layered protein nanoparticles. The resulting nanoparticles

© 2022 Wiley-VCH GmbH
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Figure 5. Fabrication and characterization of double-layered protein nanoparticles. A) The fabrication process of double-layered protein nanoparticles
by cross-linking S2 shell protein on desolvated Pre core. B) Identification of double-layered nanoparticles with Coomassie blue staining (CB Gel).
C) TEM image of core and nanoparticles. D) Size distribution of Pre core and Pre/S2 nanoparticles. E) Zeta potential distribution of nanoparticles (n =
3). Data are presented as mean * SD. The statistical significance was analyzed with an unpaired t-test (***p < 0.007).

significantly enhanced virus-neutralizing titers and ADCC
activity. Particularly, protein-nanoparticle-induced antibody neu-
tralization lasted at least four months. In addition, more bal-
anced antibody immune responses were detected in the nano-
particle groups, which could achieve safe and effective humoral
immunity performance. Finally, the injection site adverse reac-
tion examination, body weight, blood chemistry data, and H&E
staining of muscle tissue at the injection sites did not show
significant changes after the priming and boosting immuni-
zations, suggesting that the double-layered nanoparticles have
high tolerability in mice.

Overall, the conserved S2 stem subunit demonstrated its
potential as a universal SARS-CoV-2 vaccine candidate against
unpredictable variants. As well, our double-layered protein nan-
oparticles incorporating Pre and S2 induced robust and long-
term immune responses and exhibited a safety profile in our
primary studies, providing an option for current SARS-CoV-2
vaccine development.

4. Experimental Section

Study Design: S2 stem subunits were used as a novel immunogen to
induce broad protection because of the genetic conservation between
subgenuses and different lineages. Double-layered protein nanoparticles
were fabricated to enhance both S2 and Pre immunogenicity in mice.
Animal experiments were performed to validate the vaccine designs.
Experimental replicates were performed as described in each figure
legend.
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Ethics Statement: The “Guide for the Care and Use of Laboratory
Animals” by the National Institutes of Health was faithfully adhered
to in this study. All mice experiments were approved by Georgia State
University Institutional Animal Care and Use Committee (IACUC) with
protocol number A19025.

Construction and Activity of Recombinant Proteins Pre, Wt, and S2: The
gene of wild-type spike protein (GenBank: QHR63290.2) was codon-
optimized and synthesized for expression. The furin cleavage site
Arg-Arg-Ala-Arg (RRAR residues 681-685) in Wt was replaced with Gly-
Ser-Ala-Ser (GSAS) in Pre, and the residues 986 and 987 were replaced
with proline substitutions both in Pre and S2. Compared with Pre, the
S1 sequence was deleted in the S2 protein. The T4 fibritin trimerization
motif, Human rhinovirus 3C (HRV3C) protease cleavage site, Twin Strep
Tag, and 8xHis-Tag were added to the C-terminal of the recombinant
protein.8l The recombinant proteins’ constructions are shown in
Figure 2A. After being expressed with Bac-to-Bac Baculovirus Expression
System (Invitrogen, Carlsbad, CA, USA) in Spodoptera frugiperda (Sf9)
insect cells (ATCC, CRL-1711), the recombinant proteins were purified
with HisPur Ni-NTA Resin (Thermo Scientific, Rockford, IL, USA).E2
Purified proteins were characterized by SDS-PAGE and Western blots
probed with anti-His antibody (Cat: ab18184, Abcam) or anti-RBD
antibody (Cat: 40592-T62, Sino Biological).

The binding activity of recombinant proteins to human ACE2 protein
(expressed stably on the surface of 293T cells, hACE2/293T) was analyzed
with anti-His antibody and DyLight 488 (Cat: 405310, Biolegend) by flow
cytometry and immunofluorescence. Furthermore, the ACE2 protein
(Cat: ab273687, Abcam) was also used to identify recombinant proteins’
binding activity. Briefly, ACE2 protein was coated in 96-well ELISA plates
(Corning Inc., NY, USA) overnight at 4 °C. After blocking with 1% bovine
serum albumin (BSA), recombinant proteins were added to the plate for
2 h at 37 °C. After washing, anti-His primary antibody and horseradish
peroxidase (HRP) conjugated anti-mouse secondary antibodies were

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

C

Pre coat Pre coat S2 coat S2 coat
74 2 IgG IgG1 BN IgG2a — 15 . 79 Za IgG 19G1 IgG2a — 20 "
s ? T g ? S
261 =~ = 5 261 ey ey < 15
v § 10- v 8
§° 2 % §° - I
£ 4] S 5 EN) o, S
o = n 5} 7 ? =
o 5] o / / o 5
2% 2 311 2 °
um B w | W s
2- x 0 T T 2 T T T T x 0 T T
o > o o o o O
& ‘\q,o & \;,bo & \;,bo & \;,,«\ & \\,,o &
E ADCC F IC50

6
5 SARS-CoV-2 346
c
S 4 800
S D614G 408
S 3
£
2 2 B.1.1.7 351 600
'8
1
B.1.351 320 400
0 I I I 1
S & N Q &
® % serum ‘\°¢° € av

Figure 6. The humoral immune responses of mice immunized with nanoparticles. The I1gG, 1gG isotype antibody titers, and 1gG1/IgG2a ratio were
measured two weeks after the booster vaccination with plates coated with A,B) Pre, and C,D) S2 (n =5). E) ADCC surrogate assay results. F) The sera
ICsp of nanoparticles, Pre, and S2 against VSV-based pseudoviruses. Data showed mean £ SD, expressed as log10 the highest dilution fold or log2 the
ratio of IgG1/1gG2a, analyzed with two-way ANOVA followed by Tukey’s test (A and C) and unpaired t-test (B and D) (*p <0.05, **p < 0.01, ***p < 0.001).

added in turn. Finally, HRP substrate 3,3’,55"-tetramethylbenzidine
(TMB) solution (Cat: 34029, Thermo Scientific, US) was added to
measure the absorbance at 450 nm.

Fabrication and Characterization of Nanoparticles: The fabrication
of double-layered protein nanoparticles was similar to our previously
described methods with modification.®¥l The nanoparticle core was made
with Pre protein undergoing desolvation of ethanol. After centrifuging at
15 000 x g for 20 min, the Pre core was collected and resuspended in
shell protein solutions (100 pL, 0.5 pg puL™" in Dulbecco’s phosphate-
buffered saline (DPBS) of Pre, Wt, or S2) by sonication. Thereupon, 5 x
1073 m of DTSSP (Thermo Scientific, Waltham, MA) was used as a cross-
linker to stabilize the core and shell proteins. After quenching the cross-
linking reaction with 30 x 1073 m Tris-HCl solution at pH 7.4 for 15 min,
the constructed double-layered protein nanoparticles were collected
by centrifugation at 15 000 x g at 4 °C for 30 min and resuspended by
sonication in 50 uL DPBS.

Then SDS-PAGE was used to analyze the composition of the
double-layered nanoparticles. Additionally, the size and zeta potential
of nanoparticles were measured by dynamic light scattering analysis
with Malvern Zetasizer Nano ZS (Malvern Instruments, Westborough,
MA). Finally, a Jeol JEM-100CX Il and Apogee Imaging Systems couple-
charged device (CCD) camera system were used to take TEM images of
the nanoparticles.

Immunization of Mice: Female BALB/c mice at 6-8 weeks of age were
randomly distributed into groups (n=5) and immunized intramuscularly
(i.m.) at day 0 and boosted on day 28 with 1 ug soluble recombinant
proteins (Pre, Wt, or S2) in cohort 1 (Blue) (Figure S2B, Supporting
Information). In cohort 2 (green), 1 pg of double-layered protein
nanoparticles (Pre/S2) or soluble protein mixtures (Pre+S2) were given
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i.m. at days 0 and 28. On day 42, cohort 1 and 2 samples were collected,
and the T-cell responses, bone marrow responses, serum antibody
titers, ADCC, and neutralization titers were analyzed. Meanwhile, after
two immunizations with 1 pg nanoparticles on days 0 and 28, cohort
3 (yellow) was used to evaluate long-lasting immune responses four
months post-boost-immunization.

Humoral and Cellular Immune Response Assays: The specific humoral
immune responses to Pre, Wt, and S2 were assessed by ELISA.[34
Briefly, the proteins were used to coat the ELISA plates (Corning Inc.,
NY, USA) overnight at 4 °C. Next, after blocking with 1% BSA, fourfold
serial dilutions of murine sera were added to the plate for 1 h at 37 °C.
And then, after washing with phosphate-buffered saline with 0.1% Tween
20 (PBST), HRP-conjugated anti-IgG, -1gG1, or -IgG2a isotype antibodies
were added for 1 h at 37 °C. Finally, a TMB solution was used to detect
the absorbance at 450 nm.

Additionally, two weeks post-boost-immunization, the ADCC
was tested according to the kit protocol (Cat: 1215, Promega) with
modification. Briefly, the plasmid encoding the S proteins was
transfected to human embryonic kidney 293T (HEK-293T) cells by
Lipofectamine 3000 Transfection Reagent (Cat: L3000-015, Invitrogen).
Then, two days after the transfection, serially diluted sera and mFc)RIV
effector cells were added and incubated for 6 h at 37 °C. Finally, Bio-Glo
Luciferase assay substrate (Promega) was added at ambient temperature
(22-25 °C) for 5 min. The luminescence relative light unit (RLU) was
read by GloMax (Promega), and fold induction was calculated with the
following formula: fold induction = RLU (induced — background)/RLU
(no antibody control — background).

As previously described, VSVs containing SARS-CoV-2 spike envelope
glycoproteins were established.®”] Briefly, 293T cells were transfected with

© 2022 Wiley-VCH GmbH
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Figure 7. Nanoparticle safety in mice. A) Injection site adverse reaction examination and B) body weight change three days post-prime-immunization.
C—F) Concentration changes of ALT (C), creatinine (D), IL-6 (E), and TNF-c (F) in sera before and after prime immunization. G) H&E staining of muscle
tissue at the injection site. Data are presented as mean £ SD (n = 3). Statistical significance was analyzed with one-way ANOVA followed by Tukey’s test.

plasmid encoding SARS-CoV-2, D614G (Cat: 158075, Addgene), B.1.1.7
(Cat: VG40771-UT, Sino Biological), or B.1.351 (Cat: VG40772-UT, Sino
Biological) spike protein gene. Next, after one day of incubation at 37 °C
with 5% CO,, 3 MOI of pseudotyped AG-luciferase (G*AG-luciferase)
recombinant vesicular stomatitis virus (rVSV) (Cat: EH1025-PM, Kerafast)
was added to infect the cell for 2 h. Eventually, after washing and culturing
for 30 h until cytopathic effect (CPE) showed in most cells, the supernatant
was collected by centrifugation at 500g for 10 min and stored at —80 °C.
The pseudovirus neutralization assay was performed by incubating
recombinant VSV with serial dilutions of mice sera for 1 h at 37 °C. Then,
the mixture of rVSV and mice sera was added into hACE2/293T for 24 h
of incubation. After the incubation, the luminescence was read by GloMax
(Promega), and the 1Csy was calculated with GraphPad Prism 8.0.

IL-4 ELISPOT assays were performed as previously described.®
Briefly, ELISPOT plates (BD Biosciences) were coated overnight at 4 °C
with murine IL-4 specific monoclonal antibodies. Once the plates were
prepared, splenocytes collected 14 days after the booster immunization
were added to the wells and stimulated with S protein (Cat: 40589-
VO08BT, Sino Biological) or S2 protein (Cat: 40590-V08B, Sino Biological).
After incubation at 37 °C for 48 h, biotinylated IL-4 antibodies were added
to the plates for 2 h and peroxidase-labeled streptavidin for another
1 h. After washing, the peroxidase substrate was added, and spots were
monitored with Bioreader-6000-E (Biosys, Germany).
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ELISPOT plates (BD Biosciences) coated with S protein (Sino Biological)
or S2 protein (Sino Biological) were used to detect the bone marrow
plasma cells after 14 days of booster immunization. After washing and
blocking, bone marrow cells were added to plates and incubated at 37 °C
for 18 h. Once the incubation was complete, the spots were visualized by
HRP-conjugated goat anti-mouse IgG antibody and peroxidase substrate.
A Bioreader-6000-E (Biosys) was used to read and analyze the data.

Safety of Nanoparticles in Mice: The safety of the double-layered
nanoparticles in mice was analyzed after prime and boost i.m.
immunizations with 1 1g of nanoparticles (Nano) in the BALB/c mice (n =
3). Soluble protein solutions (Solu) and PBS were given as controls. The
physical injury or edema of the injection site and body weight change were
recorded daily for three days after injection. Sera samples were collected
before and 1, 2, and 3 days after injection. Additionally, liver and kidney
functions were determined postimmunization with ALT activity assay kits
(Cat: ab105134, Abcam) and creatinine assay kits (Cat: ab65340, Abcam).
Furthermore, the inflammatory cytokines IL-6 and TNF-« in sera were
analyzed with Mouse IL-6 Uncoated ELISA kit (Cat: 88-7064-88, Invitrogen)
and Mouse TNF-a Uncoated ELISA kit (Cat: 88-7324-88, Invitrogen) to
evaluate inflammation after double-layered nanoparticles vaccination.
Moreover, injection site muscle tissue was harvested and fixed in 10%
formalin. After paraffin embedding and cutting, the 10 um thick tissue
sections were stained with H&E and observed for inflammation.
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Statistical Analysis: Statistical analyses were performed with GraphPad
Prism 8. The data were presented as means with standard derivation
(SD). Correlations were calculated with one-way or two-way analysis of
variance (ANOVA) followed by the Tukey's test or an unpaired t-test.
Only data resulting in p values < 0.05 were regarded as statistically
significant for all tests.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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