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The COVID-19 pandemic caused by SARS-CoV-2 sparked intensive research into
the development of effective vaccines, 50 of which have been approved thus
far, including the novel mMRNA-based vaccines developed by Pfizer and Moderna.
Although limiting the severity of the disease, the mRNA-based vaccines presented
drawbacks, such as the cold chain requirement. Moreover, antibody levels
generated by these vaccines decline significantly after 6months. These vaccines
deliver mRNA encoding the full-length spike (S) glycoprotein of SARS-CoV-2,
but must be updated as new strains and variants of concern emerge, creating a
demand for adjusted formulations and booster campaigns. To overcome these
challenges, we have developed COVID-19 vaccine candidates based on the highly
conserved SARS CoV-2, 809-826 B-cell peptide epitope (denoted 826) conjugated
to cowpea mosaic virus (CPMV) nanoparticles and bacteriophage Qp virus-like
particles, both platforms have exceptional thermal stability and facilitate epitope
delivery with inbuilt adjuvant activity. We evaluated two administration methods:
subcutaneous injection and an implantable polymeric scaffold. Mice received a
prime—boost regimen of 100pg per dose (2weeks apart) or a single dose of 200pug
administered as a liquid formulation, or a polymer implant. Antibody titers were
evaluated longitudinally over 50weeks. The vaccine candidates generally elicited
an early Th2-biased immune response, which stimulates the production of SARS-
CoV-2 neutralizing antibodies, followed by a switch to a Thl-biased response for
most formulations. Exceptionally, vaccine candidate 826-CPMV (administered as
prime-boost, soluble injection) elicited a balanced Th1/Th2 immune response,
which is necessary to prevent pulmonary immunopathology associated with Th2
bias extremes. While the Qp-based vaccine elicited overall higher antibody titers,
the CPMV-induced antibodies had higher avidity. Regardless of the administration
route and formulation, our vaccine candidates maintained high antibody titers for
more than 50weeks, confirming a potent and durable immune response against
SARS-CoV-2 even after a single dose.
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Introduction

Coronavirus disease-2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) is responsible for
an ongoing pandemic and major public health crisis (Lai et al., 2020;
Jalkanen et al., 2021) that has resulted millions of deaths (Dejnirattisai
etal, 2021; Forgacs et al., 2021; Zhou et al., 2021; Nagpal et al., 2022).
The outbreak of the disease in 2019 led to an intensive global effort to
develop effective vaccines (Kowalzik et al., 2021; Mathieu et al., 2021).
Most of the resulting vaccines were designed to target the receptor
binding domain (RBD) or full-length spike (S) glycoprotein of SARS-
CoV-2, which play a key role in viral entry (Chung et al., 2020; Shin
etal,, 2020; Wu et al., 2020; Dejnirattisai et al., 2021; Ortega-Rivera et al.,
2021). Approved vaccines, such as mRNA-based vaccines produced by
companies such as Pfizer and Moderna (Patel et al., 2022), present
drawback as of need for a cold chain due to their poor stability (Burki,
2021; Sah et al,, 2021; Watson et al., 2022). Furthermore, a general
challenge with vaccines targeting the RBD/S-protein is the decline in
the antibody response after ~6 months, resulting in the need for multiple
booster doses (Goel et al., 2021; Jalkanen et al., 2021; Andrews et al.,
2022a,b). Besides, they also show less efficacy against new variants of
concern (Dejnirattisai et al., 2021; Goel et al., 2021; Tang et al., 2021;
Hajnik et al,, 2022; Andrews et al,, 2022a,b), such as the delta (B.1.617.2
and AY lineages) and Omicron (B.1.1.529 and subvariants BA.2.12.1,
BA 4, and BA.5) strains (Hui, 2022), resulting in the need for adjusted
formulations to ensure proper coverage (Goel et al., 2021; Li, 2022). For
example, Pfizer and BioNTech have recently developed a BA.4/BA.5-
adapted bivalent vaccine that combines the S protein mRNAs from the
Wuhan strain and Omicron subvariants BA.4 and BA.5 (Burki, 2022).
Similarly, Moderna has developed a bivalent vaccine combining the S
protein mRNAs from the Wuhan strain and Omicron subvariant BA.1
(Chalkias et al., 2022).

We previously described COVID-19 vaccine candidates based on
plant virus and bacteriophage nanoparticles that do not require cold
chain distribution and can induce neutralizing immune responses
after a single dose (Shin et al., 2020; Ortega-Rivera et al., 2021).
Cowpea mosaic virus (CPMV) is an icosahedral plant virus (30 nm)
with a pseudo-T'=3 symmetry that consists of 60 copies of the 24kDa
small coat protein and 42kDa large coat protein (Huynh et al., 2016;
Szabo et al., 2022). It is stable at room temperature and in the pH
range 3.5-9 (Montague et al., 2011; Madi et al., 2015). Bacteriophage
Qp is similar in size to CPMV but with T'=3 symmetry consisting of
180 identical coat protein copies. Both CPMV and Qf are highly
immunogenic, can act as vaccine adjuvants as well as epitope display
platforms, and can be produced at scale by propagation in plants or
bacteria, respectively. Their size makes them ideal for enhanced
antigen-presenting cell uptake and lymph node retention, significantly
bolstering the immune system’s response to a conjugated antigen
(Qian Wang et al., 2002; Lebel et al., 2015). Several Qp-based vaccine
candidates have already been tested in clinical trials (Bachmann and
Jennings, 2010; Chariou et al., 2020; Mohsen et al., 2020).
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Our viral nanoparticle (VNP)-based vaccine candidates were
formulated to display B-cell epitopes from SARS-CoV-2, which are
highly conserved among its variants. We screened 13 peptide epitope
candidates, originally identified from convalescent sera from
recovered COVID-19 patients, and identified three target epitopes
(570, 636, and 826) to be suitable for vaccine design. In particular,
B-cell peptide epitope 809-826 from the SARS-CoV-2S2 glycoprotein
domain (PSKPSKRSFIEDLLFNKY, denoted 826) was shown to be a
potent target antigen and when displayed on CPMV or Qp particles
elicited neutralizing antibody responses against SARS-CoV-2 (Ortega-
Rivera et al., 2021). The epitope 826 is highly conserved among SARS-
CoV-2 variants. Vaccines that target B-cell epitopes generate more
specific neutralizing antibodies compared to the broad spectrum of
antibodies generated by immunization with full-length proteins, and
therefore hold potential to overcome risk of antibody-dependent
enhancement (Wang et al., 2016; Lee et al., 2020) or generation of
non-neutralizing but interfering antibodies (Weidenbacher et al.,
2022; Zanella et al., 2022).

The initiation and maintenance of a sustainable immune response
against SARS-CoV-2 often requires multiple doses or prolonged
exposure to the antigen (Bobbala et al., 2018). Sustained release implants
therefore hold potential to alleviate the need for repeat administrations
therefore enhancing patient compliance and increase the vaccine
completion rate (Lee et al., 2019). Therefore, in this work, we compared
the efficacy of prime-boost vs. single administration of soluble
COVID-19 vaccine candidates as well as implantable polymeric
formulations. The latter provide a scaffold for sustained delivery of the
CPMYV and Qf-based vaccines and were fabricated using an in-house
3D printer. We used gelatin methacrylate (GelMA) as a natural matrix
material due to its combination of biocompatibility and versatility
during light-mediated fabrication. We were specifically interested to
study the longitudinal immune responses against SARS-CoV-2 and the
Omicron (B.1.1.529) variant and monitored antibody titers, Th1/Th2
bias, and antibody avidity over 50 weeks (almost 1 year).

Methods

Production and purification of CPMV and
Qp particles

CPMYV was propagated by mechanical inoculation of black-eyed
pea no. 5 plants (Vigna unguiculata), followed by isolation and
purification as previously reported (Wellink, 1998; Nkanga et al.,
2022). Briefly, around 100 g of frozen leaf tissue was homogenized in
300ml of 0.1 M KP buffer (potassium phosphate, pH 7.0), filtered
using Miracloth (Millipore, cat. no 475855), and centrifuged
(18,500 g, 20 min, 4°C) to remove plant debris. The supernatant was
extracted with 1:1 chloroform:1-butanol, and the aqueous phase was
mixed with 0.2M NaCl and 10% (w/v) PEG 8000 for CPMV
precipitation. The mixture was centrifuged (30,000g, 15min, 4°C),
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and the pellet was resuspended in 0.1 M KP buffer (pH?7). To remove
aggregates, the suspension was centrifuged (13,500g, 15min, 4°C)
and the supernatant was purified on a 10-40% (w/v) sucrose gradient
ultracentrifugation (28,000 rpm, 2.5h, 4°C) using an Optima L-90K
centrifuge with rotor type SW28 rotor (Beckman Coulter, Brea, CA,
United States). The light-scattering CPMV layer collected and
pelleted by ultracentrifugation (42,000rpm, 2.5h, 4°C) using an
Optima L-90K centrifuge with rotor type 50.2 Ti (Beckman Coulter,
Brea, CA, United States). The quantity of CPMV particles was
determined by UV spectroscopy at 260 nm (eCPMV =8.1ml™"). Pure
CPMV particles were stored in 0.1 M potassium phosphate (KP)
buffer at pH 7.0.

Bacteriophage Qp virus-like particles (VLPs) were produced in
Escherichia coli and purified as previously described (Ortega-Rivera
etal, 2021). Briefly, 200 pl of a frozen stock of transformed competent
BL21(DE3) E. coli cells (New England Biolabs) was cultured in 50 ml
of Magic Media (Thermo Scientific, K6803) containing 25 pg/ml
streptomycin (Sigma-Aldrich) and 50pg/ml kanamycin (Gold
Biotechnology) for 18h at 37°C to saturation, shaking at 250 rpm
(Ortega-Rivera et al., 2021). 50 ml of this culture was then added to 11
Magic Media and incubated at 37°C for another 24h, shaking at
300 rpm. Cells were then collected by centrifugation at 1,500 xg and
frozen at —80°C overnight. The cell pellets were resuspended in lysis
buffer (GoldBio Cat# GB-177) on ice and lysed using a probe sonicator
for 10 min. The lysate was centrifuged at 5,000 x g, the supernatant was
collected, and the QP particles were precipitated by adding 10% (w/v)
PEG8000 (Thermo Fisher Scientific) at 4°C for 12h on a platform
shaker. The precipitated fraction was pelleted by centrifugation at
5,000 xg and dissolved in 40 ml PBS before extraction with a 1:1v/v
butanol/chloroform. The aqueous fraction was collected by
centrifugation as above (at 5,000 xg) and Qp particles were purified on
a 10-40% (w/v) sucrose gradient ultracentrifugation (28,000 rpm,
2.5h, 4°C) using an Optima L-90K centrifuge with rotor type SW28
rotor (Beckman Coulter). The light-scattering Qp layer was collected
and pelleted by ultracentrifugation at (42,000 rpm, 2.5h, 4°C) using
an Optima L-90K centrifuge with rotor type 50.2 Ti (Beckman
Coulter). The purified QP particles were resuspended in PBS and
stored at 4°C until further use. QP particles were quantified using a
Pierce BCA assay kit (Thermo Fisher Scientific).

Bioconjugation of peptide 826

Peptide 826 (original ID S21P2) is a B-cell epitope spanning
residues 809-826 (PSKPSKRSFIEDLLFNKYV) of the highly conserved
S2 domain of the SARS-CoV-2 S-protein (Ortega-Rivera et al., 2021).
When conjugated to a carrier, this peptide can induce the
neutralization of SARS-CoV-2. Peptide 826 was synthesized by
GenScript, including an N-terminal CGGG linker for conjugation to
CPMYV or QP using a two-step method as previously described
(Ortega-Rivera et al., 2021; Shin et al., 2021).

Characterization of CPMV and Qf vaccine
candidates

For agarose gel electrophoresis, 1.2% (w/v) agarose gels stained
with GelRed (Gold Biotechnologies) were loaded with 10 ug CPMV
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or 826-CPMV followed by separation in TAE buffer for 30 min at
120V and 400 mA. Gels were imaged under UV light to visualize the
RNA and stained with Coomassie Brilliant Blue G-250 (0.25% w/v)
and imaged under white light to detect the protein on a FluorChem R
system (ProteinSimple). For polyacrylamide gel electrophoresis, 10 ug
of native particles or corresponding 826-conjugates was mixed with
4x sample buffer (Thermo Fisher Scientific) and 10x NuPAGE
reducing agent (Invitrogen) at 95°C for 5min before separation in
NuPAGE 4-12% Bis Tris protein gels (Invitrogen) in 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer (Thermo Fisher Scientific) at
200V and 120 mA for 40 min. The gel was stained with GelCode Blue
Safe protein stain and visualized under white light to image both the
CPMYV and QP coat proteins on a FluorChem R system. For dynamic
light scattering (DLS), the hydrodynamic diameter of CPMV, Qf, and
the conjugated particles was assessed using a Zetasizer Nano ZSP/
Zen5600 (Malvern Panalytical) at 25°C with three measurements per
1 mg/ml sample. The particle diameter was calculated as the weighted
mean of the intensity distribution. For transmission electron
microscopy (TEM), formvar carbon film-coated TEM supports with
400-mesh hexagonal copper grids (VWR International) were rendered
more hydrophilic using the PELCO easiGlow operating system.
CPMYV, Qp, and the conjugated particles (0.1 mgml™" in deionized
water) were loaded onto the grids and stained with 2% (w/v) uranyl
acetate (Agar Scientific). The samples were imaged using a FEI Tecnai
Spirit G2 BioTWIN TEM at 80kV.

Fabrication of the implantable polymeric
scaffold

GelMA was synthesized and characterized as previously described
(Soman et al., 2013). Polyethylene glycol diacrylate (Mn 700,
PEGDA700) was purchased from Sigma-Aldrich. Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized as
previously described (Fairbanks et al., 2009) and was stored under
argon at 4°C for use as a photo-initiator. The bioink for scaffold
printing comprised 4% (w/v) GelMA, 0.1% (v/v) PEGDA, and 0.6%
(w/v) LAP in Dulbeccos PBS (DPBS, Gibco). For the CPMV/
Qp-laden scaffolds, CPMV/Qp were first resuspended in DPBS to the
designated concentration, and the suspension was used to prepare the
bioink. The scaffold was printed layer-by-layer using an in-house
digital light projection (DLP) 3D bioprinter, which consists of a blue
light source (405nm), a digital micromirror array device for optical
pattern generation, a set of projection optics, a motorized stage to
guide the fabrication of each layer, and a computer control system. For
each layer, a user-defined blue light pattern was projected on the
bioink reservoir and only the illuminated area was polymerized. After
one layer was polymerized, the stage was lifted by the designated layer
thickness, where bioink refilled the gap and allowed the fabrication of
the subsequent layer.

Characterization of the implantable
polymeric scaffold

As-printed scaffolds were lyophilized and manually compressed

into a thin film for Fourier transform infrared (FTIR) spectroscopy
(32 scans) using the PerkinElmer Spectrum Two FT-IR device with a
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universal attenuated total reflectance (UATR) crystal. A MicroSquisher
(CellScale) was used to measure the Young’s modulus of the scaffolds
in compression mode. For each the CPMV/Qp formulation, cylinders
with a height of 1.5mm (one layer) and a diameter of 1.5 mm were
printed with the same material as the implants to accommodate the
setting of the MicroSquisher. The data were collected in displacement
mode using the ramp function. The compression magnitude was set
at 20% of the sample height and the loading and recovery duration
was 0.125s/pm. As-printed scaffolds were also lyophilized and
manually sectioned to facilitate the imaging of their internal
microstructure by scanning electron microscopy (SEM). The samples
were mounted on the stage with conductive tape and coated with
iridium using an Emitech K575X sputter coater. The samples were
imaged using an FEI Apreo HiVac device operating at 3kV.

Quantification of CPMV and Q in vitro
release

CPMYV and Qf implants were placed in 1.7-ml Eppendorf tubes
containing 1 ml PBS and incubated at 37°C for 30days, shaking at
100 rpm. We collected 1 ml aliquots of sample after 1, 3, 7, 10, 14, 20,
and 30days, and added 1ml of fresh PBS to allow continuous
particle release. CPMV particles released from implants were
quantified using a CPMV ELISA kit (CD Biosciences) and a standard
curve based on 0.05, 0.1, 0.15, 0.25, and 0.5 pg/ml pure samples. All
released CPMV samples were diluted 100-fold in PBS before testing.
MaxiSorp 96-well plates (Thermo Fisher Scientific) were coated with
100 pl of capture antibody overnight before washing five times with
200 pl PBS containing 0.05% (v/v) Tween-20 (PBST). The CPMV
standards and released CPMV samples (100 pl) were added to the
wells and incubated at room temperature for 2.5h. The plate was then
washed seven times with 200 pl PBST, and 100 pl of the conjugating
enzyme was added to each well and incubated at room temperature
for 2.5h. After another seven washes as above, 100 pl of detection
substrate was added to each well and incubated at room temperature
for 10min. Finally, we added 50pl of stop solution to each well.
Absorbance was recorded at 405nm using a Tecan plate reader and
values were checked against the standard curve to determine the
quantity of CPMV particles in each sample. QP released from implants
was quantified by SDS-PAGE by comparing samples with 10, 20, 30,
40, and 50 pg/ml of purified QP loaded onto NuPAGE 4-12% Bis Tris
protein gels and separated at 200V and 120 mA for 35 min. Gels were
stained with Coomassie Brilliant Blue and imaged using the
FluorChem R system as above, followed by quantification using
Image] software.

Immunization of mice

All animal experiments were carried out in accordance with
University of California San Diego’s Institutional Animal Care and Use
Committee (TACUC). All animals used in this study were 7-8-week-
old male BALB/c mice obtained from the Jackson Laboratory (strain
#000651). For subcutaneous (s.c.) injection with liquid formulations,
each vaccine candidate was prepared in sterile PBS (Corning, 21-040-
CV). We compared a prime-boost regimen to a single dose. For the
prime-boost regimen, the candidates were prepared at a concentration
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of 1mg/ml and we administered two s.c. doses of 100ul (100 pg)
injected 2 weeks apart. For the single-dose regimen, the candidates
were prepared at a concentration of 2mg/ml and we administered one
s.c. dose of 100 pl (200 pg). For immunization using the slow-release
implants, a single-dose implant containing 200 ug of the vaccine
candidate was surgically implanted s.c. behind the neck. Five mice
were assigned to each group. Blood was collected in lithium-heparin-
treated tubes (Thomas Scientific) by retro-orbital bleeding before
immunization (week 0) and then every 2 weeks from weeks 2 to 50
post-immunization. Plasma was collected by centrifugation at 2000 g
for 10 min at 4°C and was stored at —80°C.

IgG titers against the peptide and S-protein

End-point IgG titers against the 826-peptide epitope
(CGGGPSKPSKRSFIEDLLFNKYV) displayed on the CPMV or Qf
vaccine candidates were determined by ELISA. We coated 96-well,
maleimide-activated plates (Thermo Fisher Scientific) with 150 pl/well
of the peptide (20 pg/ml in coating buffer: 0.1 M sodium phosphate,
0.15M sodium chloride, 10mM EDTA, pH 7.2) overnight at
4°C. After three washes in PBST (0.05% (v/v) Tween-20 in PBS), the
plates were blocked for 1h at room temperature with 200 pl/well of
10 pg/ml L-cysteine (Sigma-Aldrich). After washing as above, plasma
samples from immunized animals (serially diluted two-fold in coating
buffer) were added and incubated for 1h at room temperature. After
further washing, we added the horseradish peroxidase (HRP)-labeled
goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific)
diluted 1:5000 in PBST (100 pl/well) and incubated for 1h at room
temperature. After a final washing step, the signal was developed with
100 ul/well of 1-Step Ultra TMB-ELISA substrate solution
(3,3',5,5"-tetramethylbenzidine, Thermo Fisher Scientific) for 2 min at
room temperature and quenched with 50pl of 2N sulfuric acid
(Spectrum Chemical). Absorbance was read at 450 nm using an
Infinite 200 Pro microplate reader and i-control software (Tecan,
Minnedorf, Switzerland). The IgG titer against SARS-CoV-2 and
SARS-CoV-2 B.1.1.529 (Omicron) S protein was determined as
described above for the peptide but using 96-well nickel-activated
plates (Thermo Fisher Scientific) coated with 200 ng of His,-tagged
S-protein (GenScript Biotech) or Omicron B.1.1.529 S1 protein (Sino
Biological, 40,591-V08H41) per well. Plasma samples were diluted
1:1000 in PBS. The same secondary antibody dilution and substrate as
above were used to detect the signal. The absorbance was read at
450nm on a Tecan microplate reader. The end-point antibody titers
were defined as the reciprocal serum dilution at which the absorbance
exceeded twice the background value (blank wells without
plasma sample).

Antibody isotyping

We followed the ELISA protocol described above, but samples
were diluted 1:400 in coating buffer before testing. Secondary
HRP-labeled goat anti-mouse antibodies specific for IgG1 (Invitrogen
PA174421), IgG2a (Thermo Scientific A-10685), IgG2b (Abcam
ab97250), and IgM (Abcam ab97230) were diluted 1:5000. The IgG2a/
IgGl ratio was reported for each group, and a ratio higher than 1 was
considered as a Th1 response.
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Avidity ELISA

The IgG antibody avidity against the SARS-CoV-2 and SARS-
CoV-2 B.1.1.529 (Omicron) S proteins was evaluated by ELISA using
nickel-coated plates as described above. The plates were coated with
1 pg/ml of SARS-CoV-2 or Omicron S protein (100 pl/well) in PBS
overnight at 4°C and then washed three times in PBST. Mouse serum
was diluted 1:20 before adding to the plates, followed by a threefold
serial dilution series (100 pl/well) in blocking buffer (1% (w/v) bovine
serum albumin in PBS). A negative control was added in the last
column (blocking buffer without plasma). The plates were incubated
for 1h at room temperature before washing once in PBST then
3x5min in PBST or PBST containing 7 M urea. We then added an
HRP-labeled goat anti-mouse IgG secondary antibody (Thermo
Fisher Scientific) diluted 1:5000 in PBST (100 pl/well) and incubated
at room temperature for 1 h. The same secondary antibody dilution
and substrate as above were used to detect the signal. The absorbance
was read at 450nm on a Tecan microplate reader. The end-point
antibody titers were defined as the reciprocal serum dilution at which
the absorbance exceeded twice the background value (blank wells
without plasma sample). IgG avidity was expressed as the avidity
index (AI) and calculated using the following formula: AI=(mean OD
of urea-treated serum/mean OD urea-untreated serum) x 100%.

Statistical analysis

Data were processed and analyzed using GraphPad Prism v8.0.2
(GraphPad Software, San Diego, CA, United States), unless otherwise
indicated. Depending on the datasets, data were statistically compared
by one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test or two-way ANOVA using pairwise multiple
comparison followed by Tukey’s multiple comparison test. Asterisks
in figures indicate significant differences between groups (*p <0.05;
**p<0.01; ¥**p<0.001; ****p <0.0001). Table with all statistics data
can be found in Support Information Excel Spreadsheet.

Results and discussion

Characterization of VNP/VLP-based
vaccine candidates

CPMYV nanoparticles (VNP) and Qf VLPs are versatile platforms
that can be produced in bulk by propagation in plants or fermentation
in bacterial cultures, respectively, and then be engineered by chemical
conjugation to display epitopes such as peptide 826. Bacterial
fermentation is a standard method for the production of biologics so
QP VLPs are more readily translated to a cGMP platform approved
for clinical trials (Bachmann and Jennings, 2010; Chariou et al., 2020;
Mohsen et al., 2020), while plant molecular farming companies have
been established the methods require more specialized with few
Contract Research Organization (CRO) available. The CPMV and Qf
viral capsids host solvent-exposed lysine residues suitable for chemical
conjugation, and we used these for the multivalent display of epitope
826 (Figure 1A). Accordingly, we synthesized 826-CPMV and 826-Qf
vaccine candidates (Ortega-Rivera et al., 2021) and characterized
them by electrophoresis, DLS and TEM (Figures 1B-F). The chemistry
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was as previously established (Ortega-Rivera et al., 2021; Nkanga et al.,
2022) by targeting the solvent-exposed lysine side chains using a
bivalent NHS-PEG-maleimide (SM-PEG,) linker which connects to
the 826 peptide by an added terminal cysteine.

Conjugation of the peptide was confirmed by SDS-PAGE and
agarose gel electrophoresis. SDS-PAGE showed the CPMV and Qf
specific coat protein bands at 24kDa and 42kDa for CPMV and
~14kDa for QP—additional higher molecular weight bands
corresponding to the coat protein coupled to the 826 peptide
(MW =2379.74) were also apparent (Figures 1B,D). Densitometric
analysis indicated that ~50-55% of the CPMV coat proteins were
modified (Figure 1B), in agreement with previous reported values
(Ortega-Rivera et al., 2021). Similarly, SDS-PAGE and densitometric
analysis revealed that ~60% of the Qp coat proteins were modified
(Figure 1D), in agreement with previously reported values (Ortega-
Rivera et al., 2021). Native agarose gel electrophoresis revealed an
increase in electrophoretic mobility of 826-CPMV vs. CPMV toward
the anode following peptide conjugation (as a result of lysine
modification). The colocalization of nucleic acid and protein staining
confirmed that the particles were intact (Figure 1C). DLS revealed
that the 826-CPMV particles (Z,, ~ 34 nm, PDI=0.209) were larger
than native CPMV (Z,, ~32.2nm, PDI=0.158); the same observation
was made for Qf with Z,,~37.9nm (PDI=0.203) for 826-Qf
particles vs. Z,~309nm (PDI=0.126) for unmodified Qf
(Figure 1E). The hydrodynamic diameter of CPMV and Qf vaccine
candidates (Ortega-Rivera et al., 2021), as well as other particles
displaying SARS-CoV-2 S-protein epitopes (Li et al., 2020), has been
reported to increase following the conjugation of peptides. The more
pronounced “swelling effect” in Qp particles may reflect the greater
number of displayed peptides. TEM confirmed that the 826-CPMV
and 826-Qp particles remained intact after conjugation (Figure 1F).
Together, these results indicated that CPMV and Q particles can
be efficiently conjugated to epitope 826 and retain their
structural integrity.

Bioprinting and characterization of
VNP-laden polymeric scaffolds

The continuous release of antigens increases the duration of
interaction between the antigen and the immune system, thus
amplifying the humoral response and boosting vaccine efficacy
(Bobbala et al, 2018). We therefore theorized that an implant
providing a continuous supply of VNPs may yield a better immune
response than individual doses (Hou et al., 2021). Accordingly,
we used DLP printing (Figure 2A) to fabricate implantable polymeric
scaffolds containing VNPs, allowing their continual release in vivo.
The VNPs were confined within the polymeric network of the scaffold
and released after implantation by Fick’s diffusion and biodegradation
of the matrix material (Sun et al., 2020). The release rate of VNPs is
defined and tunable by the concentration of the VNPs in the scaffold,
their aspect ratio, and the degree of polymerization of the scaffold
matrix (Caccavo etal., 2015). A 4% (w/v) GelMA matrix was prepared
and loaded with VNPs to achieve a final concentration of 2.381 mg/
ml, allowing a sustained, moderate release rate. The bioink also
contained 0.1% (w/v) PEGDA to enhance printability and ease of
handling. Each 1.5-mm layer was exposed to light for 30s (79.4mW/
cm?) to ensure sufficient polymerization. Each scaffold, with a payload

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1117494
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Affonso de Oliveira et al.

10.3389/fmicb.2023.1117494

Viral Nanoparticles (VNP) VNP Linker Intermediate VNP Soluble Vaccine Vaccine Implant
H, H [} o
H ol A~
cPMV @» A D'’ cPMV
S
e (i) (ii)
or 30 nm or
H, H 2 Q
N 0. J'\/\
« @ @i o8
o
LJ
28 nm
o j\/\ o
LA NANANAN
CQAE RS
0 0 NCGGGPSKPSKRSFIEDLLFNKVc
SM(PEG)4 'Peptide 826"
B D
kba L 1 2 kDa L 1 2
64
51
51
39 L+826 3
28 CP+826
< S+826
S 28
14 4= CP
14
1) CPMV; 2) 826-CPMV 1) CPMV; 2) 826-CPMV 1) QB; 2) 826-QB
E
25 20 20 20
CPMV Z-avg: 826-CPMV Z-avg: QB Z-avg: 826-QB Zavg:
— 204 322nm| _ 34nm| __ 309nm [ 37.9 nm
9 PDI: 0.158 [ 32 15 PDI: 0209 3 15 PDI:0.126 [ 32 15 - PDI: 0.203
> 15 >
= % 10 B 101 %' 10
c 10 < c c
2 e 2 ]
E 5. £ 51 £ 54 £ 5
T T 0 T T 0 T T 0 T t
1 10 100 1000 1 10 100 1000 1 10 100 1000 1 10 100 1000
Size (nm) Size (nm) Size (nm) Size (nm)
F
FIGURE 1
Characterization of 826-CPMV and 826-Qf particles. (A) Conjugation scheme for conjugate vaccines and their loading in implants, showing the
structure of the SM(PEG), heterobifunctional linker and epitope 826. (B) SDS-PAGE analysis of 826-CPMV showing the conjugated protein bands
(S=small coat protein, L=large coat protein, +826=conjugated peptide). (C) Analysis of 826-CPMV by 1.2% (w/v) agarose gel electrophoresis (gels
stained with GelRed and Coomassie Brilliant blue). (D) SDS-PAGE analysis of 826-Qf showing the conjugated protein bands. (E) DLS spectra with Z-avg
(d, nm) and polydispersity index (PDI) values for the peptide conjugates. (F) TEM images of the peptide conjugates negatively stained with 2% (w/v)
uranyl acetate (scale bar=100nm).

of 200pg VNPs, was printed as two layers with a 4x7mm?’
rectangular shape.

FTIR spectroscopy confirmed successful polymerization initiated
by the DLP printing process (Figure 2B). A sharp decrease in
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transmittance was observed at ~1,640cm™" in all scaffolds (with and
without the VNPs), representing the typical C=0 stretching vibration
between the methacrylate groups of polymerized GelMA. SEM images
of the lyophilized scaffolds showed a porous structure resulting from
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Bioprinting and characterization of CPMV and Qp implants. (A) Schematic diagram of the digital light processing (DLP) bioprinting approach.
Characterization of empty (sham), CPMV and Qp implants by (B) FITR spectroscopy, (C) SEM and (D) the measurement of Young's modulus showed no
significant differences. Release profiles of printed (E) Qf and (F) CPMV implants in vitro.

the polymeric network of GelMA (Figure 2C). All scaffolds had a
similar porous microstructure, indicating that the presence of VNPs
did not interfere with the polymerization process. Mechanical testing
demonstrated that scaffolds prepared from the same matrix material
under designated printing conditions possessed a similar Young’s
modulus (sham: 6370.92+1262.98 Pa, CPMV-loaded:
6192.39+1937.18 Pa, Qp-loaded: 7189.61+1266.63Pa), which
conformed that the degree of polymerization could be controlled
(Figure 2D).

The in vitro release profiles of the laden scaffolds were
characterized by SDS-PAGE for Qf (Supplementary Figure S1) and
ELISA for CPMV (Supplementary Figure S2) against generated
standard curves. A similar trend was observed in both formulations,
featuring a burst release within the first 24h (20% of the Qp particles
and 30% of the CPMYV particles), followed by gradual and continuous
release over the following days (Figures 2E,F). After 2 weeks, 60% of
the QP particles and 80% of the CPMV has been released from
the scaffold.

Immunogenicity of VLP-based vaccine
candidates

The immunogenicity of CPMV and Qf particles displaying
epitope 826 was evaluated in BALB/c mice using a previously reported
dosing schedule (Ortega-Rivera et al., 2021; Nkanga et al., 2022).
We compared a prime-boost regimen (100 pg particles injected s.c.,
weeks 0 and 2) with a single dose (200 pg particles injected s.c., week
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0) and polymeric implants (containing 200 pg particles, introduced
s.c. behind the neck, week 0). Blood samples were collected by retro-
orbital bleeding every 2 weeks for 50 weeks post-immunization and
plasma was screened for antibodies against the target epitope
by ELISA.

All vaccine candidates elicited antibodies against the 826 epitope
and epitope-specific antibodies remained at significant levels after
50weeks (Figure 3). Overall, the Qp formulations demonstrated the
highest titers at the 50-week time point (Figure 3;
Supplementary Figure S3). Although the single-dose CPMV
formulation (826-CPMV_200) elicited the lowest overall titers, they
remained constant for 50 weeks. Differences in antibody titers were
more apparent at week 50, with the highest titers observed in mice
immunized with 826-QB_200 particles or the 826-Qf_implant and
the lowest in those immunized with the 826-CPMV_200 particles or
the 826-CPMV_implant. The >8-fold higher titers (by week 50) of the
Qp-based vaccine may be explained by the larger number of epitopes
delivered compared to CPMV; the Qp-based vaccine displayed ~457
peptides and CPMV-based vaccine ~61 peptides (see Figure 1).

While high end-point titers were observed for all vaccine
formulations tested and maintained over 50 weeks; differences in
end-point antibody titers we observed (Figure 4A): Off note, the
end-point titers of the QB-based vaccine candidate were comparable
to those reported for an open-source end point titer data of a
mRNA-RBD vaccine (Huang et al., 2021). The 826-Qf formulations
showed more prominent and consistent longitudinal antibody titers
than the 826-CPMV formulations, with a four-fold decrease from
week 28 to week 44 then consistent titers up to week 50 (1:12,800 for
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826-CPMV_100 and 1:3,200 for the other CPMV formulations). The
826-CPMV_100 formulation showed a 16-fold increase in end-point
titers from weeks 2-28 (1:3,200 to 1:51,200), then a four-fold
decrease to 1:12,800 at week 44. The single-dose formulation
826-CPMV _200 elicited an increase in titers at the 6- and 20-week
time points but remained at ~1:3,200 throughout. The implant
formulations fluctuated between 1:25,600 and 1:3,200 (week 50).
Compared to the BNT162b2 and mRNA-1,273 vaccines (Collier
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etal., 2021), where the antibody titer declined sharply after 6 months
and even more after 8 months, our formulations maintained high
antibody titers for about 1 year.

While our vaccines are designed with B-cell epitopes aimed at
eliciting humoral responses, induction of cellular immunity and T
helper cells is another important aspect to SARS-CoV-2 vaccines
(Chung et al., 2022). Antigen processing requires priming by T
helper cells (Thl and Th2, among others) to activate B cells
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(A) End-point IgG titers after the prime—boost administration of CPMV/Qp-based vaccine candidates. All candidates elicited IgG recognizing epitope
826 at 2weeks post-immunization. Samples from mice were pooled for analysis (n=5). (B) IgG subclass profile (IgG2a/IgG1 ratio) from weeks 4-50. A
ratio<1 is considered as a Th2-biased response and a ratio >1 is considered as a Thl-biased response. []J=mRNA-RBD; open-source data of an mRNA-
RBD vaccine (Huang et al., 2021). Two-way ANOVA using pairwise multiple comparison followed by Tukey's multiple comparison test was used to
compare between groups. Asterisks in the Support Information Supplementary Tables S2, S3 indicate significant differences between groups (*p<0.05;

(Ortega-Rivera et al., 2021). The choice between Thl and Th2
responses depends on the cytokine release profile, and a balanced
response is a key factor that influences the immune response (Berger,
2000; Smith et al., 2000). Thl cells secrete IFN-y, causing activated
macrophages to induce the production of opsonizing antibodies
(IgG2a/b) by B cells (Ortega-Rivera et al., 2021). Th1 responses help
to control intracellular pathogens (Rosenthal and Zimmerman,
2006; Ortega-Rivera et al., 2021). In contrast, Th2 cells secrete
cytokines such as IL-4, which elicit B cells to produce neutralizing
antibodies (IgG1). Th2 responses are predominantly antibody-based,
inducing a humoral response that protects against extracellular
pathogens, allergens, and toxins (Rosenthal and Zimmerman, 2006;
Ortega-Rivera et al., 2021; Chung et al., 2022). Another way to
differentiate between Th1 vs. Th2 is by probing which antibody
subtypes are produced. Therefore, we profiled the immunoglobulin
isotypes (IgG vs. IgM) and IgG subclasses IgG1, IgG2a and IgG2b
(Supplementary Figure 54). The IgG2a/IgG1 ratios indicated that the
QP formulations initially induced a Th2-biased response which
shifted to a Th1-biased response—and this was independent of the
formulation, but with the implant being the most Thl-biased
(Figure 4B). In contrast, the 826-CPMV_100 formulation induced a
Th2-biased response at all stages (albeit more balanced at weeks 36
and 50), whereas the other CPMV formulations induced a
Th1-biased response from as early as week 6. Comparing the profiles
for CPMV and Qf reveals that both the epitope and carrier
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determine whether Th1 or Th2 bias is established. Also, the implant
formulation caused a stronger shift toward a Th1-bias.

We then tested whether the mouse plasma, and antibodies elicited,
showed specificity against the S-protein. An ELISA format was used,
and we confirmed the presence of IgG specific for the SARS-CoV-2
Wuhan and Omicron S-protein variants (Figure 5A). All vaccine
candidates tested positive and recognized the Wuhan and Omicron
strains; there was a consistent trend of slightly decreasing titers over
time, but significance was established throughout the 1-year time-
course. It was noted however that the overall titers against the
Omicron strain tested (B.1.1.529 S1 protein) were at least four-fold
lower compared to the Wuhan strain. Consistent with the antibody
titers against the peptide epitope, the QP formulations elicited higher
titers than the CPMV formulations against both S protein variants.
These data further confirm potency of VNP formulations with the
826 epitope.

Finally, we assayed the avidity of the antibodies produced by our
vaccine candidates. The avidity of an antibody is a measure of the
overall strength of an antibody-antigen complex (Gaspar and De
Gaspari, 2021). We determined the avidity of the antibodies by coating
ELISA plates with the SARS-CoV-2 and Omicron (B1.1.529) RBD and
testing antibody binding in the presence of 7M urea, which
encourages the detachment of low-avidity antibodies (Vogt et al.,
2022). We compared the avidity of these specific antibodies at weeks
6, 16 and 50 post-immunization. Data revealed that although Qp
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Week 50

elicited higher antibody titers, the CPMV formulations achieved a
higher avidity index compared the Qf formulations, and
826-CPMV_100 achieved the highest value of all (Figure 5B). Overall,
the implant performed similar to one bolus injection of the vaccine
dose and therefore may not offer a distinct advantage for the
vaccines studied.

As mentioned above, the higher titers that were produced for the
Qp vaccine candidates may be result of higher epitope density on the
Qp particle, consistent with reports demonstrating that highly ordered
repetitive arrays of epitopes are effective for the induction of immune
responses and breaking B-cell tolerance (Bachmann and Jennings,
2010; Mohsen et al., 2020). However, of importance is that higher
avidity antibodies were generated using the CPMV platform: This may
reflect the lower density of peptides on the CPMV surface, which
would affect the spacing of the epitopes and thus the stability of the
antibody-antigen complex (Jendroszek and Kjaergaard, 2021;
Oostindie et al., 2022). In antibody engineering, it is important to
know the optimal epitope spacing, the maximum spacing that can
be tolerated, and how strongly avidity depends on the epitope spacing
(Jendroszek and Kjaergaard, 2021; Oostindie et al., 2022).

It is also off note that we observed an increase in antibody avidity
for both the SARS-CoV-2 and Omicron S-proteins as time progressed,
especially for 826-CPMV_100 and 826-Qf_implant. The virus-
specific IgG avidity is expected to increase with time (Gaspar and De
Gaspari, 2021) because it represents the strength of an antibody-
antigen complex, and therefore the quality of the immune response
(Arias-Bouda et al., 2003; Pichler et al., 2021). IgG avidity tends to
be lower after the first antigenic challenge and increases over the time
because later antibodies have undergone affinity maturation by
somatic hypermutation, improving the response to subsequent
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encounters with the pathogen (Arias-Bouda et al., 2003; Pichler et al.,
2021). Avidity also reveals the functionality of persistent antibodies,
which influences the quality of the immune response against
a pathogen.

Conclusion

The B-cell peptide 809-826 (PSKPSKRSFIEDLLENKYV) from
the SARS-CoV-2 S-protein was conjugated to CPMV and Qf VLPs,
followed by the immunization of mice using different schedules: a
single dose (200 pg particles s.c.), a prime-boost regimen (100 pg
particles per s.c. dose), or a polymeric implant containing 200 pg of
particles. All formulations elicited sustained antibody titers for at
least 50 weeks, with high avidity against the S-protein of SARS-
CoV-2 Wuhan strain and a more recent Omicron subvariant. The
candidates also elicited a balanced Th1/Th2 immune response, with
the CPMV formulations more biased toward a Thl response. The
826 epitope is highly conserved among SARS-CoV-2 variants of
concern, explaining the high titers against the Omicron B1.1.529
strain. The B-cell epitope approach therefore achieves a more
targeted antibody response that covers multiple variants of concern.
Moreover, bacteriophages and plant virus nanoparticles are
thermally stable, allowing the distribution of vaccines without a cold
chain. The vaccine candidates can also be incorporated into a
polymeric implantable scaffold by 3D printing, to achieve the
sustained release of particles and maintain high antibody titers with
elevated avidity at least 1 year after implantation. Our strategy offers
a versatile platform for the development of new vaccines against
COVID-19 and future pandemics.
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